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Early  Detection  of  Breast  Cancer  on  Mammograms  Perceptual  Feedback, Computer 
Processed  Images  and  Ultrasound 


Grant  #  DAMD  17-93-J-3014 


Principal  Investigator:  Peter  Bloch,  Ph.D. 

Clinical  data  indicates  that  early  detection  of  breast  cancer  results  in  significantly 
higher  success  rates  in  the  treatment  of  the  disease.  Ten  year  disease  free  survival 
greater  than  95  percent  are  achieved  with  modern  treatment  when  the  breast  lesions  are 
detected  less  than  <1  cm  in  diameter.  The  goal  of  this  project  was  to  improve  the  detection 
of  small  non-palpable  lesions.  Three  methods  for  improvement  in  the  detection  of  small 
lesions  were  explored  in  this  study.  These  include: 

Project  1  A:  Perceptual  Feedback  as  an  Aid  to  the  Early  Detection  of  Cancer 
on  Mammograms, 

Project  1B:  Digital  Image  Processing  of  Mammograms,  and 
Project  1C:  High  Resolution  Ultrasound  Mammography. 

In  summary  the  major  accomplishments  include: 

■  An  extensive  database  of  high  and  low  resolution  digitized  clinical 
mammograms  was  established  that  consists  of  87  mammographic  examination 
(two  films  per  study ;  a  cranial-caudal  and  a  oblique  view).  The  clinical  database 
has  pathology  confirmed  abnormal  lesions  (34  microcalcifications,  28  masses) 
and  24  normals.  This  extensive  database  was  required  to  test  the  efficacy  of 
improving  detection  of  lesions  on  mammograms  both  by  perceptual  feedback 
(project  1  A)  and  computer  image  processing  and  feature  extraction  (project  1 B). 

■  Hardware  and  software  was  developed  for  the  computer  display  of  high 
resolution  digitized  mammograms 

■  Elevated  mammographic  density  has  been  associated  in  clinical  studies 
with  an  increased  risk  of  developing  breast  cancer.  Techniques  were  developed 
and  tested  to  quantify  the  fibroglandular  tissue  automatically  from  digitized 
mammograms. 

■  Algorithms  were  developed  for  extracting  clusters  of  microcalcification 
from  the  high  resolution  digitized  mammograms 

■  Hardware  and  software  was  developed  for  recording  of  eye-position  of 
observers  while  reading  mammograms 

■  It  was  found  that  false-negative  decisions  in  reading  mammograms 
was  associated  with  prolonged  visual  dwell  time.  This  information  was  feedback 
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to  the  observer  (by  placing  a  bold  circle  around  the  suspicious  site  on  the  image) 
which  resulted  in  improved  detection  of  masses. 

■  Two-dimensional  ultrasound  breast  data  was  obtained  and  analyzed. 

■Ultrasonic  distortion  in  the  female  breast  was  identified  in  the  2D  dataset 

including:  (1)  phase,  (2)  incoherent  scatter  and  (3)  multipath  interference. 

■  Contrast  resolution  in  breast  ultrasound  imaging  was  shown  to  be 
significantly  restored  using  a  phase  deabberration  algorithm 

■  Time-delay  type  compensation  algorithms  were  developed  and  found 
to  minimize  the  scattered  energy  significantly  (15  dB) 

■  Significant  progress  was  made  in  recognizing  true  targets  from  false 
ones  caused  by  ultrasound  interference.  We  demonstrated  that  the  image  of 
true  targets  remains  in  the  same  position  and  changes  little  in  size  or  shape 
when  imaged  from  different  array  locations. 

■  Design  consideration  were  performed  for  2D  large  acoustic  transducers 
for  high  resolution  breast  imaging.  The  analysis  indicated  that  the  ultrawideband 
property  of  a  2D  array  would  be  more  desirable  than  the  conventional 
narrowband  array.  This  would  result  in  fewer  array  elements  and  much  lower 
side  band  scattered  energy  . 


The  achievements  on  these  projects  are  presented  in  this  final  report. 
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Grant  #  DAMD17-93-J-3014 


Project  lA:  Perceptual  Feedback  as  an  Aid  to  the  Early  Detection  of  Cancer  on 
Mammograms. 

Project  Director  Harold  L.  Kundel,  M.D. 

INTRODUCTION:  RESEARCH  OBJECTIVES 

About  15%  of  tumors  that  are  actually  visible  are  missed  on  the  initial  reading  of 
screening  mammograms  [Bird  et  al.  1992],  These  misses  are  considered  to  be  perceptual 
errors.  Eye-position  recordings  made  during  the  search  for  tumors  on  chest  radiograms 
and  mammograms  have  been  used  to  classify  perceptual  errors  into  those  due  to 
incomplete  scanning  (15%),  failure  of  the  feature  recognition  mechanism  (15%)  and 
incorrect  decisions  (70%).  Decision  errors  are  associated  with  prolonged  visual  dwell  on 
the  tumor  site  in  the  image  [Kundel  et  al.  1989].  Two  observations  have  been  made  using 
chest  radiograms.  First,  when  sites  that  receive  prolonged  visual  dwell  during  primary 
reading  are  identified  and  marked  by  circling,  immediate  re-evaluation  results  in  an 
improvement  in  accuracy  [Kundel,  et  al.,1990].  Second,  circling  a  tumor  site  increases  the 
readers  ability  to  detect  a  tumor  [Krupinski  et  al.,1993]. 

This  project  will  extend  the  observations  made  on  chest  radiograms  to  mammograms.  The 
following  methodology  is  being  followed.  (1)  Develop  a  computer  display  for 
mammograms  that  matches  the  grayscale  properties  of  the  display  to  the  contrast 
discrimination  function  of  the  observer’s  eye.  (2)  Interface  a  head-eye-position  recording 
system  to  the  display.  (3)  Develop  and  digitize  a  set  of  mammograms  with  barely  visible 
visual  cues  for  tumor.  (4)  In  a  case-control  study,  compare  detection  performance  with 
and  without  eye-position  feedback. 

PROGRESS  REPORT: 

Evaluation  of  the  Performance  of  the  Mammogram  Display  Station 

The  mammography  display  station  has  been  implemented  using  a  SUN  SPARC 
10,  Dome  video  controller  boards  and  two,  Tektronix  GMA  201  monitors.  The  active 
display  area  is  26  x  26  cm  widi  a  pixel  matrix  of  2048  x  2048  x  8.  The  images  are  stored  in 
a  16  bit  buffer  that  is  reduced  in  size  (2048  x  2048  pixels)  and  driving  intensity  (8  bit)  for 
display.  The  images  can  be  viewed  in  reduced  size,  natural  size,  and  magnified.  Reduction 
is  sometimes  necessary  to  fit  an  entire  breast  image  into  the  window.  Magnification  is 
limited  by  the  available  pixels  in  the  display  buffer.  No  pixel  replicating  is  permitted.  The 
monitor  gray  scale  has  been  perceptually  linearized  [Blume  et  al.,1993].  The  portion  of 
the  intensity  range  that  is  displayed  over  the  8  bit  display  range  is  determined  by 
adjusting  the  intensity  window  width  and  window  center. 

The  display  was  tested  using  a  set  of  87  mammograms  assembled  by  Dr.  Orel. 

The  set  consisted  of  34  cases  with  validated  microcalcifications  without  masses,  28  cases 
with  validated  masses  without  microcalcifications  and  25  case  matched,  control  images. 
The  matching  of  controls  is  by  age,  sex,  and  major  incidental  image  features.  The  validity 
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of  the  normal  images  was  determined  by  stability  of  the  image  findings  for  at  least  two 
years  prior  to  the  test  mammogram.  The  images  were  digitized  with  two  digitizers. 
Digitizer  A  (Lumisys)  had  a  nominal  scanning  spot  size  of  100  microns  and  produced  a 
2030  X  2540  x  12  bit  image  from  a  20  x  25  cm  mammogram.  Digitizer  B  (DBA)  had  a 
nominal  scanning  spot  size  of  43  microns  and  produced  a  5075  x  6350  x  16  bit  image  from 
a  20  X  25  cm  mammogram.  The  images  were  read  by  three  experienced  mammographers  on 
film,  and  on  the  display  station.  The  readers  responses  were  recorded  using  a  5  level 
rating  scale  format  which  consistent  with  the  receiver  operating  characteristic  (ROC) 
analysis.  The  data  were  analyzed  using  ROCFIT  [Metz,  1986]  and  the  area  under  the 
ROC  curve  Az  determined  for  the  detection  of  masses  and  calcification  and  for  the 
classification  of  masses  and  calcification  as  benign  or  malignant.  The  results  of  the  original 
test  (Rl)  and  a  replication  of  the  test  (R2)  made  after  a  lapse  of  six  months  are  shown  in 
the  Table  1. 

Table  1.  The  performance  of  three  readers  ^ven  as  the  area 
under  the  ROC  curve.  Mean  (St.Dev.). 


Detection  Classification 

Calc’n  Mass  Calc’n  Mass 


Film 

(Rl) 

.98 

(.02) 

.95  (.03) 

.82 

(.06) 

.77  (.08) 

Scanner  A 

(Rl) 

.91 

(.04) 

.92  (.04) 

.76 

(.09) 

.75  (.09) 

(R2) 

.91 

(.05) 

.87  C07) 

.85 

(.07) 

.63  (.15) 

Scanner B 

(Rl) 

.91 

(.07) 

.93  (.04) 

.62 

(.10) 

.76(.10) 

(R2) 

.87 

(.09) 

.90  (.05y 

.75 

(.10) 

.75  (.10) 

The  data  indicate  that  the  digitizer-display  combination  degrades  the  detection  of 
microcalcifications  (The  difference  of  .07  is  significant ,  p  <  .05)  but  not  the  detection  of 
masses.  Classification  shows  more  variation  (.62  to  .85  for  calcification  and  .63  to  .76  for 
masses)  but  is  not  affected  by  digitization  and  soft  copy  display.  This  sample  could  not 
show  a  difference  between  digitizer.  The  limitation  may  be  in  the  display. 

Confirmation  that  Gaze  Duration  Predicts  the  Location  of  Tumors  by  Eye-position 
Recording  During  Search 

The  Applied  Science  Laboratories  (ASL)  eye  and  head  position  monitor  has  been 
used  to  record  the  eye-position  of  3  mammographers  during  the  search  for  tumors.  We 
have  confirmed  the  observation  that  false-negative  decisions  are  associated  with  prolonged 
visual  dwell  time.  (This  also  has  been  confirmed  independently  by  Krupinski  and  Nodine 
[1994].)  The  ASL  eye  and  head  tracker  has  an  accuracy  of  .5  degrees  (.5  cm  at  57  cm 
viewing  distance)  and  a  precision  of  .3  degrees.  This  means  that  95%  of  x,y  coordinates 
are  within  .3  degrees  of  the  recorded  value  (precision)  and  that  95%  of  the  recorded  values 
are  within  .5  degrees  of  the  location  of  the  fixation.  This  level  of  precision  and  accuracy  is 
adequate  for  identifying  image  sites  that  receive  long  visual  dwell. 

Observations  on  the  Method  for  Providing  Visual  Feedback 
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Visual  feedback  is  provided  by  putting  a  five  degree  circle  around  the  suspicious 
site.  Krupinski  et  al.  [1993]  observed  that  the  circle  itself  increased  the  detectability  of 
lung  tumors.  We  performed  two  experiments  to  study  the  effect  of  using  a  bold  circle  as  a 
visual  prompt. 

The  first  experiment  used  a  background  of  gausian  noise  containing  a  1  cm  object  that 
simulated  a  mass  on  a  mammogram.  Three  observers  participated  in  a  two  alternative 
forced  choice  (2AFC)  task  to  measure  the  detectability  of  the  mass  as  a  function  of 
contrast.  The  index  of  detectability  d’  was  measured  using  standard  signal  detection 
procedures.  The  mass  was  always  displayed  in  the  center  of  a  defined  field  with  a 
uniformly  noisy  gray  background.  Two  conditions  were  compared:  the  uniform  field  and 
the  field  containing  a  bold  5  degree  circle.  The  results  in  the  graph  below  show  that  the 
circle  enhanced  detectability. 


The  second  experiment  used  a  section  of  a  mammogram  as  the  background  in  addition  to 
the  same  level  of  gausian  noise  as  was  used  in  the  first  experiment.  The  results  show  that 
the  addition  of  the  mammogram  as  a  background  decreases  the  detectability  at  the  two 
contrast  levels  and  that  the  addition  of  a  bold  circle  to  the  display  enhances  the 
detectability. 
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We  hypothesize  that  the  circle  acts  as  a  fiducial  marker  for  the  visual  scanning  system 
allowing  stabilization  of  visual  drift  which  has  the  effect  of  increasing  the  contrast 
sensitivity  of  the  retina  [Kundel,  1995  ].  Data  to  test  this  hypothesis  has  been  collected 
but  has  not  been  fully  analyzed. 

Comparison  of  Detection  Performance  With  and  Without  Perceptual  Feedback 

The  eye-position  recording  system  is  functioning  in  a  satisfactory  manner.  We  and  others 
have  shown  that  areas  contmning  masses  on  mammograms  receive  prolonged  visual  dwell 
even  when  they  are  not  reported.  We  also  have  shown  that  a  5  degree  bold  circle  placed  on 
the  image  enhances  die  detectability  of  masses  embedded  in  gausian  noise  and  in  breast 
parenchyma.  It  now  remains  to  couple  the  two  phenomena  in  real-time,  in  order  to 
demonstrate  that  computer  assisted  visual  search  improves  performance.  This  portion  of 
the  experiment  will  be  completed  as  funding  becomes  available. 


SUMMARY 

We  have  developed  a  system  for  providing  visual  feedback  in  response  to  measurement  of 
gaze  duration  during  the  viewing  of  mammograms  on  a  video  display.  We  have  shown 
that  the  display  has  satisfactory  fidelity  and  that  the  precision  and  accuracy  of  the  eye- 
position  tracker  is  adequate  to  provide  reliable  feedback.  The  feedback  consists  of 
drawing  a  bold  circle  of  5  degrees  diameter  around  the  suspicious  site.  The  circle  has  been 
studied  independently  as  a  visual  prompt  and  has  been  shown  to  be  an  effective  method 
for  enhancing  visual  performance.  The  neurophysiologic  reason  for  the  enhancement  is 
under  investigation.  A  practical  test  of  computer  assisted  visual  search  is  being  planned. 
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Project  IB:  Digital  Imaging  Processing  of  Mammography  Films. 

Project  Director:  Peter  Bloch, Ph.D 

Introduction 

The  treatment  of  small  breast  lesions  (less  than  1  cc  in  volume)  with  lumpectomy 
and  definitive  radiation  therapy  results  in  excellent  clinical  results  with  1 0  year  disease  free 
survival  better  than  95  %.  Thus  early  detection  and  treatment  of  breast  neoplasms  when 
the  lesions  are  too  small  to  be  palpable  is  most  likely  to  be  effective  in  sterilizing  the  tumor 
(Tabar  et  al.,1992).  Mammography  examinations  are  a  proven  diagnostic  procedure  for 
detecting  early  breast  cancer  in  asymptomatic  women  (Moskowitz,1 984,Kopans,1 984  and 
Feig,1988). 

Despite  the  documented  potential  for  mammography  to  result  in  decreased  breast 
cancer  mortality,  there  is  some  concern  that  some  segments  of  the  population  are  not  fully 
benefitting  from  the  examination  because  of  variations  in  quality  and  interpretation  of  the 
mammograms  performed.  The  radiographic  appearance  of  the  female  breast  differs  among 
women  in  relation  to  the  amounts  of  fat  and  fibroglandular  (connective  and  epithelial)  tissue 
present.  Areas  of  fat  are  radiographically  lucent  while  fibroglandular  tissue  are  radiographic 
dense.  Many  studies  have  looked  at  the  relationship  between  mammographic  density  and 
the  risk  of  developing  breast  cancer,and  the  majority  of  the  studies  have  found  an 
association  between  parenchymal  patterns  and  risk  of  developing  breast  cancer.  A  recent 
meta-analysis  confirms  the  association  of  increasing  risk  with  increasing  percentage  of 
density  of  the  breast  (Oza  and  Boyd, 1993  and  Warner  et.al.,1992).  The  degree  of 
increased  risk  associated  with  elevated  density  may  be  greater  than  any  other  generally 
recognized  risk  factor  for  breast  cancer,with  the  exception  of  the  presence  of  the  BRACA1 
gene  (Oza  and  Boyd, 1993). 

A  subjective  evaluation  of  parenchymal  density  on  mammograms,  the  Wolfe 
classification  scheme  (Wolfe,1976),  was  used  for  many  years,however  interobserver 
variability  was  a  significant  problem  (Moskowitz  et.al.,1980,Myers  et.al.,1983,and  Carlisle 
et.al.,1983).  It  is  widely  assumed  that  the  sensitivity  of  mammography  is  lower  in  women 
with  increased  mammographic  density,but  the  magnitude  of  the  decrease  sensitivity  has 
not  been  studied.  This  is  partially  due  to  the  lack  of  a  quantitative  measure  of 
mammographic  density.  A  computer  assisted  method  for  quantifying  mammographic 
density  as  a  percentage  of  the  image  area  can  overcome  this  limitation  (Boyd  et.al.,1995 
and  Byng  et.al.,1994).  One  of  the  goals  of  this  research  project  was  to  use  computer 
techniques  to  quantify  stromal  or  parenchymal  patterns  on  mammograms. 

Characterization  of  the  breast  parenchyma  involves  analyzing  the  diffuse 
mammographic  density  pattern  which  depends  on  the  low  frequency  components  in  the 
mammography  image.  Tumors  of  diffuse  histology  are  more  difficult  to  detect  in  the 
presence  of  increased  mammographic  density  (Kopans,1 992), thus  breast  density  may  be 
the  primary  cause  of  missed  carcinomas  (Kopans,1992  and  Hollingsworth  et.al.,1993). 
Estimates  of  the  number  of  women  with  mammographically  dense  breast  varies  between 


12 


1 0-35  percent  (Kopans,1 992), decreasing  with  age.  For  example, Wolfe  et.  al.(1 987),showed 
that  66%  of  women  over  53  years  old  had  less  than  25%  parenchyma  density  compared 
to  37%  of  younger  women  in  that  category.  Computer  identification  and  processing  of 
mammographic  dense  mammograms  could  be  an  important  tool  for  reading  these  difficult 
mammographic  cases. 

Another  goal  of  this  research  project  was  to  improve  the  detectability  of  breast 
lesions  using  computer  assisted  identification  of  clusters  of  microcalcifications  on 
mammograms.  Clusters  of  microcalcification  on  mammograms  is  a  radiographic  feature 
often  identified  in  early  stage  breast  cancer  (Sickles, 1 986).  Approximately  30-50%  of  the 
breast  carcinomas  are  detected  by  microcalcification  on  mammograms  and  60-80%  of 
biopsied  confirmed  breast  carcinomas  show  microcalcification  on  histopathology  samples. 
Thus  reliable  identification  of  small  clusters  of  microcalcification  is  a  major  importance  in 
screening  women  for  early  stage  disease.  Research  groups  are  developing  computerized 
techniques  for  identifying  microcalcifications  on  mammograms  (Chan  et 
al.,1 987,1 988,1 992, Fam  et  al.,1 988, Davies  and  Dance  1 990).  Studies  from  the  University 
of  Chicago  report  85  percent  true  microcalcification  identification  on  mammograms  using 
computer-aided  detection  (CAD)  of  microcalcification  (Wu  et  al.,1 992,Zhang  et  al.,1 992,and 
Ema  et  al.,1 993).  CAD  techniques  developed  by  Zheng  et.al.,(1995)  using  topographic 
feature  analysis  also  report  a  false-positive  detection  rate  to  0.18/image  or  82%  true 
microcalcification  detection.  In  the  above  studies  the  mammograms  were  digitized  at  1 00- 
175  microns  with  10  bits  of  dynamic  range.  To  further  improve  on  the  computer-aided 
detection  of  microcalcification  a  higher  quality,high  resolution  mammographic  film  digitizer 
was  employed  to  preserve  the  spatial  resolution  and  wide  latitude  of  the  original 
mammography  film  image. 


B:  Body  :  Accomplishments  of  the  Project: 

B.1  Digitized  Mammography  Database 

Software  and  hardware  tools  for  archival  and  retrieval  of  high  resolution  digital 
mammography  images  are  now  available  for  routine  use.  The  software  for  rapid  display 
of  digitized  mammographic  images  with  user  selected  contrast  and  magnification  has  been 
developed  using  the  Interactive  Data  Language,  IDL,  package  which  Is  readily 
transportable  to  different  computer  platforms.  A  database  of  clinical  mammograms  was 
established.  Dr.  Susan  Orel,  a  mammographer,  identified  87 clinical  mammograms;  twenty- 
five  normals,  thirty-four  with  histopathology  confirmed  microcalcifications  and  twenty-eight 
with  solid  tissue  masses.  Each  mammogram  was  scanned  twice  with  two  different 
microdensitometers:  (1 )  Lumisys-1 00  microdensitometer,  using  a1 00  micron  pixel  size  and 
1 2  bit  dynamic  range  and,  (2)  a  DBA  microdensitometer  with  a  42  micron  pixel  size  and  1 6 
bit  gray-scale.  The  digitized  images  were  stored  for  archival  on  an  optical  disk.  The  size 
of  the  database  of  digitized  mammography  images  is  approximately  6  gigabytes. 
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B.2  Performance  Characteristics  of  Microdensitometers: 

The  performance  characteristics  of  two  microdensitometers;  (1)  Lumisys-100 
employing  100  micron  pixels  and  (2)  DBA  were  evaluated  for  digitizing  mammography 
films.  There  characteristics  are  summarized  below. 

B.2.1  LUMISYS-100  MICRODENSITOMETER 

The  microdensitometer  employs  a  2  mW  helium-neon  laser  beam.  Precision 
mirrors  mounted  on  a  precision  galvanometer  movement  is  used  to  sweep  a  100  micron 
light  spot  across  the  image  plane.  The  light  transmitted  through  the  film  is  detected  with 
a  photomultiplier  tube,  the  signal  from  which  is  logarithmically  amplified  and  digitized. 
Linear  regression  analysis  of  the  microdensitometer  output  with  optical  density  is  shown 
in  fig.  1 .  The  maximum  signal  intensity  occurs  at  approximately  2.5  OD,  corresponding  to 
a  useful  dynamic  range  of  1 1  bits.  However  the  noise  evaluated  from  the  analysis  of  the 
relative  standard  deviation  in  the  output  from  a  region  of  Interest,  ROI,  of  10,000  pixels 
increases  from  approximately  0.3%  at  2  OD  to  0.9  %  at  2.5  OD  which  further  reduces  the 
useful  dynamic  range  of  the  scanner. 


OPTICAL  DENSITY  (OD) 

Fig.1 :  Lumisys  microdensitometer  output  with  optical  density 

The  modulation  transfer  function,MTF,for  the  microdensitometer  was  determined  by 
taking  the  Fourier  transform  of  a  line  spread  function  derived  from  the  gradient  of  a 
measured  edge  spread  function.  The  edges  of  square  cut-outs  in  opaque  films,  4  OD, 
were  scanned  to  measure  the  edge  spread  function,  The  edge  spread  function  was  found 
to  be  nearly  the  same  for  all  the  edges  of  the  square  cutouts.  The  calculated  MTF  is 
shown  in  fig.2.  The  highest  spatial  frequency  is  the  Nyquist  cutoff  frequency, 5  cycles/mm, 
associated  with  the  1 00  micron  pixel  size. 
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Fig.  2  Modulation  Transfer  Function  for  Lumisys  Microdensitometer 
B.2.2  DBA  Microdensitometer 

The  DBA  microdensitometer  scans  the  image  plane  with  a  42  micron  wide  line  light 
source  obtained  from  a  temperature  controlled  masked  straight  fluorescent  tube.  The  light 
is  detected  with  a  6048  linear  array  charge  coupled  detector  (CCD).  An  image  is  digitized 
by  moving  the  film  across  the  line  source.  Digitizing  a  10x12  inch  mammogram  requires 
approximately  22  seconds. 

The  output  of  the  densitometer  is  exponential  in  the  optical  density  range  of  0-  4 
OD  (fig.  3).  Routine  clinical  mammograms  contain  regions  of  high  density  thus  the  wide 
range  of  digitization  is  important  for  preserved  all  the  information  on  the  original  image. 


OPTICAL  DENSITY  (OD) 

Fig.  3  Output  of  DBA  scanner  as  a  function  of  optical  density 

The  MTF  for  the  densitometer  was  derived  from  the  measured  edge  profile  along 
a  single  42  micron  wide  scan  line.  The  measured  edge  was  found  to  depend  on  the  edge 
of  the  square  cutout  scanned.  Fig.  4  shows  that  in  the  direction  of  the  light  source  the 
edge  is  blurred,  and  sharp  in  the  direction  that  the  film  is  being  scanned.  The  light  in  the 
direction  of  the  line  source  is  scattered,  producing  glare,whereas  in  the  direction  that  the 
film  moves  the  registration  of  the  light  source  and  detectors  eliminates  the  effects  of  glare. 


15 


i 


SOURCE  WITH  DETECTORS 


Fig.  4.  Edge  measured  with  the  DBA  microdensitometer.  Scanned  in  the  direction  of  the 
line  light  source, (solid  line  ),and  perpendicular  to  the  light  source  (dotted  line). 


The  edge  spread  function,  ESF,  in  the  direction  of  the  line  light  source  was  found 
to  be  nearly  independent  of  irradiated  area,  over  the  range  studied  1  -25  crrF.  This  area  was 
defined  by  cutouts  in  opaque  films.  In  addition,  placing  neutral  density  filters  between,0.25- 
0.98  OD,  over  the  square  opening  did  not  significantly  alter  the  measured  ESF. 

The  MTF  derived  for  edge  spread  functions  are  shown  in  fig.  5.  The  high  frequency 
cutoff  is  at  the  Nyquist  frequency  1 1 .9  cycles/mm  corresponding  to  the  pixel  size  of  42 
microns.  The  MTF  at  lower  frequencies  is  significantly  reduced  In  the  direction  of  the  line 
source.  Thus  the  degradation  in  image  quality  associated  with  the  presence  of  glare  is 
predominately  in  the  low  frequency  components.  This  would  suggest  that  the  effects  of 
glare  on  the  image  can  be  significantly  reduced  by  filtering  the  low  frequency  components 
measured  in  the  direction  of  the  light  source. 


Frequency  (cycles/mm) 


Fig.  5:  MTF  for  the  DBA  microdensitometer.  Scanned  in  the  direction  perpendicular  to 
the  line  light  source,(solid  line  ),and  in  the  direction  of  the  light  source  (dotted  line). 


Figure  5  indicates  that  the  noise  in  the  direction  of  the  line  source  is  much  greater 
than  the  noise  in  the  direction  perpendicular  to  the  light  source.  Noise  could  arise  from 
fluctuations  in  the;  (1)  light  intensity  along  the  light  source,  (2)  cross  talk  between 
elements  in  the  large  linear  CCD  detector  array,  and  (3)  analog  to  digital  conversion. 

Figure  6  shows  the  relative  noise  power  spectra  measured  in  three  regions:  (1) 
within  the  square  cutout  region  containing  no  film,  (solid  line),  (2)  in  an  opaque  area  lateral 
to  the  square  cutout  in  the  direction  of  the  line  source,  (dashed  line),  and  (3)  in  an  opaque 
area  perpendicular  to  the  direction  of  the  line  source,  (dotted  line).  In  region  2,  the  noise 
is  associated  with  glare,  which  decreases  with  increasing  spatial  frequency.  In  region  3, 
the  noise  is  a  low  level  white  noise.  In  region  1,  superimposed  on  the  noise  due  to  glare 
is  shot  noise  associated  with  the  linear  array  CCD  detector. 


Fig.  6  Relative  noise  power  for  the  DBA  scanner.  Solid  line,  region  of  high  light  signal,  and 
opaque  regions;  (dashed  line),  lateral  to  the  square  cutout  in  the  film  in  the  direction  of  the 
light  source,  and  (dotted  line)  perpendicular  to  the  direction  of  the  linear  light  source. 

The  implication  of  noise  on  visual  perception  of  microcalcification  and  masses  on 
digitized  images  is  not  clear .  However,  the  directional  dependence  of  the  noise  may  have 
some  implications  in  computer  aided  detection,CAD,of  clusters  of  microcalcification.  The 
increase  in  shot  noise  associated  with  the  signal  intensity  may  have  implication  in  using 
CAD  for  identifying  microcalcification  in  regions  of  dense  breast  tissues. 
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A  comparison  of  the  two  MTF’s  in  figures  2  and  5  for  the  Lumisys  and  DBA 
scanners  respectively  demonstrates  the  improvement  in  the  physical  performance  of  the 
higher  resolution  scanner.  The  results  of  the  observer  testing  described  in  project  1B 
showed  however  that  digitized  images  produced  by  both  microdensitometers  resulted  in 
comparable  performance  in  identifying  clustered  microcalcifications  and  masses  on 
mammograms.  However,  this  evaluation  did  not  permit  the  observer  to  alter  the  display 
contrast.  The  ability  to  vary  contrast  may  be  an  useful  tool  for  the  reader  in  searching  for 
microcalcification  in  diffult  high  mammographic  density  regions  of  the  mammogram  (Taylor 
et  al.,1994).  The  16  bit  digitization  depth  available  with  the  DBA  scanner  may  be 
important  for  preserving  the  wide  latitude  of  the  mammographic  film  study, however  the 
dynamic  range  requirements  for  digital  mammography  continues  to  be  investigated 
(Maidment  et  al.,1993,Neitzel,1994). 

Algorithms  were  developed  for  identifying  clusters  of  microcalicifications  by 
analyzing  the  regional  distribution  in  the  image  of  the;  (1)  power  at  high  spatial  frequencies 
(2)  fractal  dimension  (Lefebvre  et  al.,1 992,1 995  and  Priebe  et  al.,1994)  and  (3)  entropy. 
The  analysis  used  the  digitized  images  obtained  with  the  high  resolution  microdensitometer. 

B.3  Quantitative  Determination  of  Mammographic  Density 

B.3.1  Background 

To  quantitate  mammographic  density,  we  used  the  high  resolution  digitized  film  set 
described  above.  The  DBA  digitized  images  were  reduced  in  size  to  display  on  a  1  k  x  1  k 
monitor.  We  developed  software  for  quantitative  analysis  of  mammographic  density  based 
on  the  method  described  and  validated  by  Byng  et.  al.  (1994)  but  with  modifications  to 
make  the  method  more  operator-independent.  To  determine  the  projected  area  of  the 
breast  on  the  image,  the  reader  selects  a  background  area  of  approximately  4x4  cm2 
which  contains  no  breast  tissue.  The  edge  of  the  breast  (iedge)  is  then  determined 
automatically  by  excluding  the  region  containing  all  signal  less  than  the  mean  +4  times  the 
standard  deviation  of  the  selected  background  region.  This  differs  from  Byng  in  that  this 
method  requires  a  knowledgeable  observer  to  select  the  skin  edge  of  the  breast.  With  our 
modification,  total  breast  area  can  be  determined  by  an  untrained,  naive  observer,  and  is 
highly  reproducible.  The  total  area  of  the  breast  is  designated  Ab,.  The  reader  then 
superimposes  on  the  digitized  image  color  computer-generated  contour  lines  of  constant 
signal  or  optical  density  and  selects  the  contour  line  (Uns)  that  encompasses  the  region  of 
high  mammographic  density  (Figure  7).  The  area  of  increased  parenchymal  density  is 
equal  to  the  sum  of  pixels  above  the  threshold  (ijens)  value  designated  Apd.  The  percentage 
of  parenchymal  density,  PD,  is: 

PD  =  (Apd/Ab,)x100  (1) 

In  addition,  software  has  been  developed  to  produce  a  histogram  of  signal  intensities 
from  the  digitized  image.  The  threshold  for  idens  can  be  interactively  selected  by  the 
observer,  as  described  above  by  Byng  et.  al.,(1994)  and  compared  with  the  histogram. 
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Fig.7.  Example  of  digitized  mammogram  with  computer  generated  skin  edge  (iedg.,red)  to 
determine  breast  area,  and  computer  generated  contour  line  (iden».yellow)  demarcating  area 
of  increased  parenchymal  density. 

A  typical  histogram  of  signal  intensities  associated  with  fatty,  low  density  tissue  is 
shown  in  Fig.  8  (left  panel)  .  Region  2,  above  a  signal  intensity  of  approximately  250 
corresponds  to  the  higher  density  fibroglandular  tissue.  The  first  derivative  of  the 
histogram.  ( dashed  line  insert  in  fig.8 ),  often  helps  to  demarcate  the  start  of  region  2. 


0  500  1000  1500  500  1000  1500  2000 

Signal  Intensity  Signal  Intensity 

Fig.  8  Analysis  of  signal  intensities  in  mammogram;  Lt.  Panel:  Histogram  showing  number 
of  pixels  with  various  intensities  (solid  line), derivative  of  histogram(dashed  line);Rt.  Panel: 
Fractional  breast  area-signal  cumulative  histogram. 
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The  cumulative  histogram  could  also  be  of  use  to  evaluate  the  fractional  area  of  the 
image  above  a  particular  signal  intensity.  A  cumulative  histogram  can  be  modeled  as  a 
sum  of  normal  distributions  with  different  means  x(i)  and  Gaussian  spread  parameter  a(i) 
by  the  integral.  The  breast  tissue  area  F(9  having  signal  intensity  less  than  ^  is 

F©=  J  {N(1)exp-a(1)(^-x(1))^  +  N(2)exp-a(2)(^-x(2))^++++}d^  (2) 

0 

where  N(1)  and  N(2)  are  the  number  of  events  in  peaks  x(1)  and  x(2)  respectively.  The 
Gaussian  spread  parameters  can  be  evaluated  from  the  full-width  half-maximum  for  each 
peak  in  the  histogram  distribution.  The  fractional  area  of  a  mammogram  having  a  signal 
intensity  below  a  particular  level  4,  F(^)  /  F(oo)  is  shown  in  fig.  8  (right  panel).  As  a  first 
approximation  the  break  from  the  linear  portion  of  the  sigmoid  curve  was  used  to  determine 
the  fraction  of  elevated  density  in  the  image  which  is  1  -  0.64  =  0.36  or  36%  for  this 
example.  In  practice,  however,  a  least-square-fit  to  the  cumulative  histogram  is  employed 
to  extract  the  fraction  of  elevated  tissue  in  a  mammogram. 

B.3.2  Results  of  Mammographic  Density  Analysis 

Twenty  mammograms  from  a  test  set  were  randomly  selected  for  this  preliminary 
study  to  demonstrate  methods  and  data  analysis  of  (a)  the  inter-radiologist  reliability  of  the 
radiologists’  assessments  of  density;  and  (b)  the  concordance  between  radiologist 
assessment  of  density  and  computer-measured  density.  The  original  films  were  presented 
independently  to  3  radiologists  who  assigned  1  of  4  subjective  categories  of  density  to  each 
case.  The  4  categories  were:  (1)  less  than  25%  high  density,  (2)  25  to  49%  high  density, 
(3)  50  to  75%  high  density,  and  (4)  greater  than  75%  high  density. 

Computer-assisted  measurement  of  high  density  parenchyma  was  performed  as 
described  above  on  the  digitized  images  of  the  same  cases.  The  quantitative 
measurements  were  performed  by  a  physicist  unfamiliar  with  interpreting  mammograms, 
assisted  by  a  student  research  assistant  with  no  mammography  experience.  The 
cumulative  histograms  were  used  to  evaluate  the  percentage  of  mammographic  area  with 
high  density. 

1.  Table  3  gives  mean  radiologist  assessment  (1-4  scale)  for  each  radiologist: 


Table  3 


Radiologist 

Mean 

SD 

1 

2.5 

1.1 

2 

2.8 

1.1 

3 

2.5 

1.2 

An  analysis  of  variance  (ANOVA)  model  including  radiologist  and  patient  number  as 
factors,  showed  significant  differences  among  radiologists  (p  =  0.01 7)  on  this  assessment. 
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The  patient  terms  are  needed  to  control  for  the  correlation  induced  by  having  three 
assessments  done  on  each  patient.  Essentially,  the  patient  terms  force  the  comparison 
among  radiologists  to  be  made  within  patient. 

2.  We  calculated  the  intraclass  correlation  coefficient  (ICC)  as  a  measure  of 
agreement  among  radiologists.  The  ICC  is  defined  as  the  ratio  of  the  among-patient 
variance  in  radiologist  assessments  to  the  total  variance  (among-patient  and  within-patient) 
in  radiologist  assessments  of  density.  Because  the  within-patient  variability  results  from 
disagreements  among  radiologists,  the  ICC  provides  a  measure  of  agreement.  The  values 
of  the  ICC  range  from  0  to  1 .  When  there  is  perfect  agreement  among  radiologists,  there 
will  be  no  within-patient  variability,  and  the  ICC  would  be  1 . 

We  estimated  the  ICC  using  an  ANOVA  model  with  radiologist  assessment  as  the 
outcome  variable  and  patient  as  the  grouping  factor.  The  ICC  is  then  calculated  as: 

ICC=BMS  /  (BMS  +  (m-1  )WMS)  (3) 

where  BMS  is  the  "between"  patient  mean  square  form  the  ANOVA  model,  WMS  is  the 
"within"  patient  mean  square  from  the  ANOVA,  and  m  is  the  number  of  measurements  on 
each  patient,  in  this  case,  3.  The  calculated  value  of  the  ICC  for  the  data  was  0.89, 
indicating  excellent  agreement  among  radiologists.  This  probably  reflects  the  fact  that  the 
three  radiologists  practice  together. 

3.  Associations  between  the  quantitative  measure  of  density  and  the  radiologists’ 
assessments  were  evaluated  in  several  ways.  For  each  radiologist  individually,  and  then 
for  all  radiologists  together,  we  estimated  the  Spearman  correlation  coefficient  between  the 
assessment  and  the  quantitative  data  using  the  radiologist’s  assessment  as  an  ordinal 
predictor  variable.  Because  the  regression  values  were  in  nearly  perfect  agreement 
with  the  Spearman  coefficients,  only  the  Spearman  correlations  are  presented  (Table  4). 

Table  4 


Radiologist 

1 

2 

3 

Overall 


Spearman  Rho 
0.85 
0.79 
0.76 
0.79 


These  correlations  show  that  there  is  excellent  agreement  between  the  radiologists 
subjective  assessments  and  the  quantitative  measurements  made  by  untrained  observers. 
The  overall  for  the  regression  described  above  was  0.64,  corresponding  to  a  Pearson 
correlation  of  0.8,  again  nearly  perfectly  consistent  with  the  Spearman  correlations. 


4.  Table  5  shows  the  ranges  of  quantitative  values  for  each  category  of  the 
radiologist’s  subjective  assessment,  along  with  the  means  and  standard  deviations  of  the 
means  for  each  category.  The  mean  was  calculated  for  all  assessments  at  a  particular 
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value,  regardless  of  the  radiologist  or  the  patient.  In  other  words,  every  radiologist’s 
assessment  of  every  patient  that  was  a  "1 ",  is  included  in  the  summary. 

This  again  shows  the  string  association  between  the  subjective  and  objective  scores, 
but  there  is  considerable  overlap  of  the  ranges  of  quantitative  values  between  categories 
of  the  subjective  assessments.  Note  the  range  of  quantitative  values  grouped  by 
radiologists  into  a  single  category. 


Table  5 

Radiologist’s 

Range  of 

Mean 

SD 

Assessment 

Quantitative 

Quantitative 

value(%) 

value  (%) 

1  (<25%) 

12.36 

18.7 

6.7 

2  (25.49%) 

17-71 

38.3 

14.5 

3  (50-75%) 

29-85 

54.3 

21.5 

4  (>75%)) 

53-85 

67.8 

11.6 

B.4  Computer  Aided  Detection  of  Microcalcification 
B.4.1  Background 

The  use  of  computer  aided  detection  (CAD)  of  microcalcifications  on  a  mammogram 
is  being  extensively  explored.  No  one  single  image  feature, however,by  itself  has  been 
identified  for  segmenting  a  possible  microcalcification  from  normal  tissue  and  image  noise. 
CAD  techniques  have  been  developed  where  the  signal  to  noise  ratio  of  microcalcifications 
are  first  enhanced  by  reducing  the  high  frequency  quantum  noise,and  removing  the  low 
frequency  structured  background  from  the  image.  Extraction  of  image  features  from  these 
filtered  images  using  local  adaptive  thresholding  procedures  in  conjunction  with  artificial 
neural  networks  have  been  successfully  employed  to  achieve  a  true  positive 
microcalcification  detection  rate  of  80-85%  (Chan  etal., 1987,1988,1990).  CAD  techniques 
developed  by  Zhang  et.al.,(1995)  using  topographic  feature  analysis  also  report  a  false¬ 
positive  detection  rate  to  0.18/image  or  82%  true  microcalcification  detection.  To  further 
improve  on  the  computer-aided  detection  of  microcalcification  a  higher  quality, high 
resolution  mammographic  film  digitizer  was  employed  to  preserve  the  spatial  resolution 
and  wide  latitude  of  the  original  mammography  film  image. 

The  spatial  frequencies  in  mammography  images  is  greater  than  10  cycles/mm 
with  the  film-screen  combination  typically  employed.  The  Nyquist  frequency  corresponding 
too  10  cycles/mm  requires  that  the  pixel  size  be  less  than  50  microns.  In  the  above 
studies  the  mammograms  were  digitized  at  100-175  microns  with  10-11  bits  of  dynamic 
range.  Chan  et.al,(1994)  showed  however  that  detection  of  subtle  microcalcification  in 
mammograms  may  require  much  finer  resolution  e.g.  35  micron  pixels.  The  preservation 
of  the  higher  spatial  frequencies  in  the  digitized  mammogram  permitted  us  to  explore  use 
of  the  high  frequency  components  for  computer  identication  of  microcalcifications. 
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B.4.1 .1  Feature  Extraction  from  Digitized  Mammography  Images 


The  following  features  within  small  5x5  mm^  (128x128  pixels)  region  of  interests 
(ROI)  on  the  mammogram  were  evaluated;  (1)  signal  intensities  (2)  power  spectrum 
(3)  fractal  dimension  and  (4)  entropy. 

(1 )  A  histogram  of  the  signal  intensities  within  each  ROI  is  calculated  and 
used  to  identify  pixels  within  the  region  with  elevated  signals  that  may  be 
associated  with  microcalcifications.  The  histogram  is  used  to  determine 
the  average  signal  value  within  each  ROI  and  the  contrast  between  the 
individual  pixel  signal  and  the  average  value.The  region  is  flagged  as 
suspicious  if  a  small  fraction  (0.002)  of  the  pixels  in  the  ROI  have  a  signal 
intensity  that  results  in  a  contrast  of  greater  than  5%. 

(2)  The  power  spectrum  in  each  ROI  was  analyzed,  using  a  two 
dimensional  Fourier  transform  (2DFT) .  Regions  of  the  mammogram  with 
power  at  spatial  frequencies  greater  than  2  cycles/mm  were  flagged  as 
regions  that  may  contain  small  microcalcifications.  In  addition,  the 
directionality  0,  of  power  P(\))  at  spatial  frequency  v  was  evaluated  with 
the  following  expression: 

0  (v)  =  tan-1  (4) 

where  Py(v)  and  Px(v)  are  the  spatial  frequency  components  of  the 
2D-Fourier  transform  in  the  two  orthogonal  directions  x  and  y.  Information 
on  the  directionality  of  the  power  spectrum  is  used  to  help  separate  ROIs 
with  significant  power  at  high  spatial  frequencies  due  to  microcalcification 
from  those  ROIs  that  have  sharp  boundaries  between  fat  and  high  density 
parenchyma  tissue.  The  directionality  of  power  associated  with  clusters 
of  microcalcifications  is  often  isotropic,  whereas  interfaces  between  tissue 
types  have  a  preferred  direction. 

(3)  The  fractal  dimension  (FD)  within  a  ROI  is  a  measure  of  the 
irregularity  of  the  signal  intensities  in  the  region.  A  constant  or  a  smooth 
variation  of  signal  intensities  within  an  ROI  would  approach  a  FD  of  2, 
whereas  the  presence  of  an  abnormality  such  as  microcalcifications  on 
a  relatively  smooth  background  of  breast  tissue  would  correspond  to  a 
rough  surface  approaching  a  FD  of  3.  Fractal  analysis  has  been 
employed  by  Lefebvre  et.al.,(1995)  and  Priebe  et  al.,1994  to  identify 
microcalcifications  within  small  regions  of  a  mammography  image.  We 
developed  an  algorithm  to  calculate  the  FD  from  the  variation  of  the  power 
spectrum  with  spatial  frequency  (Ruttimann  et.al.,1992).  The  calculated 
power  spectrum  P(v)  at  frequency  v  is  expressed  as  a  power  function 

P('u)  =  or  log(P(\)))  =  log(a)  +  blog(v)  (5) 
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where  a  least  square  fit  of  log{P{v)}  vs  log(v)  was  used  to  determine  the 
value  of  b  and  its  associated  correlation  coefficient.  The  FD  in  each  ROI 
was  calculated  from  the  absolute  value  of  b  by  the  relationship  given  by 
Ruttimann,  et  al,  (1992) 

FD  =  3-(b-1)/2  (6) 

Due  to  the  sharp  discontinuities  associated  with  microcalcifications,  the 
fractal  dimension  in  regions  containing  microcalcifications  is  expected  to 
be  both  elevated  with  a  larger  standard  deviation  compared  to  normal 
tissue. 

(4)  Entropy  is  a  measure  of  the  disorder  within  an  ROI.  Regions 
containing  microcalcifications  may  be  more  disordered  than  a  region 
containing  normal  parenchyma  breast  tissue.  The  first  order  entropy  be 
(Pratt  ,1978)in  each  ROI  was  evaluated  using  Shannon’s  Information  Law 


bE  =- S  (N(b)  /  M)  *  log^  (N(b)  /  M)  (7) 

b=0 

where  0  <  b  <  L-1  denotes  the  quantized  amplitude  levels,  M  is  the 
number  of  pixels  in  the  region,  and  a  base-two  logarithm  is  utilized 
resulting  in  the  entropy  measured  in  bits. 


B.4.1 .2  Results  of  Extraction  of  Microcalcification  on  Mammograms 

An  example  is  shown  in  using  the  above  feature  extraction  algorithms  to  identify 
suspicious  regions  on  a  mammograms.  The  original  matrix  size  of  the  mammogram  shown 
in  fig.9  was  approximately  3000x5000  X  16  bit  which  was  reduced  5  fold  to  fit  on  the 
display  monitor.  The  analysis  was  performed  using  the  full  data  set.  The  power  spectrum 
was  analyzed,  using  2DFT,  within  small  regions  5x5  mm^  (128x128  pixels)  of  the 
mammogram.  The  total  number  of  regions,  ROIs,  analysed  was  738.  Regions  with 
power  at  spatial  frequencies  greater  than  2  cycles/mm  are  marked  on  fig.  9.  The  DBA 
scanner  used  to  digitize  the  mammogram  has  an  MTF  of  0.75  at  2  cycles/mm  and  a 
Nyquist  frequency  11.9  cycles/mm.  The  100  micron  pixel  size  used  with  the  Lumisys 
scanner  resulted  in  an  MTF  less  than  0.4  at  the  2  cycles/mm  threshold  frequency  used 
In  this  analysis  (and  zero  above  5  cycles/mm).  Regions  64  and  106  in  fig.  9  are  biopsy 
confirmed  microcalcifiation, region  256  is  a  lead  marker  placed  on  the  breast,and  regions 
1 72,21 4,21 8  are  near  signal  intensity  gradients  associated  with  the  interface  of  dense  and 
more  usual  parenchymal  tissue. 


24 


Table  6 


Region  # 

Relative 

Entropy 

64  (iiCa) 

1.0 

106  (^iCa) 

1.87 

1 72  (tissue  interface) 

2.56 

214  (tissue  interface) 

3.47 

218  (tissue  interface) 

2.65 

256  (lead  marker) 

4.46 

Fig.9  Computer  designated  suspicious  regions  on  mammogram 


Besides  the  power  spectrum  the  additional  image  features  evaluated  in  each  ROI 
includes;  signal  intensity  distribution,  fractal  dimension  and  entropy.  In  this  example, the 
most  striking  difference  between  the  regions  with  microcalcifications  and  tissue  gradients 
was  in  the  entropy.  Table  6  shows  the  relative  entropy  in  the  ROIs  of  the  image  that  were 
flagged.  Entropy  is  a  measure  of  order,the  lower  the  entropy  the  greater  the  structure 
within  that  region  of  the  image. 
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B.5  Summary  and  Accomplishments: 

In  summary,  the  goal  of  the  project  was  to  use  computer  techniques  to  assist  the 
radiologist  in  reading  mammograms.  To  accomplish  this  task,  we  developed  a  data  base 
of  high  resolution  digitized  mammograms  consisting  of  nearly  100  studies  ( two  views  per 
study).  The  storage,  retrieval,  and  the  processing  of  these  large  data  files  has  been  shown 
to  be  achievable  using  existing  computer  technology. 

Algorithms  were  developed  during  the  course  of  the  project  to  quantify  tissue  densities  on 
mammograms.  The  presence  of  increased  mammographic  density  has  been  previously 
identified  by  radiologists  as  a  primary  cause  for  not  detecting  carcinomas  on 
mammograms.  The  ability  to  quantify  parenchymal  density  mammograms  will  thus  allow 
physicians  to  readily  separate  the  "difficult  "mammograms  for  additional  study  or  analysis. 

To  detect  microcalcification  on  mammograms  we  developed  algorithms  that 
evaluated  image  features  in  5x5  mm^  regions  on  the  high  resolution  digitized 
mammograms.  The  features  that  were  analyzed  include:  (1 )  signal  intensity  distribution  (2) 
spatial  frequency  power  spectrum,  (3)  fractal  dimension  and  (4)  entropy.  The  high  spatial 
frequencies  preserved  in  the  digitized  images  helped  in  computer  identifications  of 
microcalcifications.  In  addition,  the  disorder  In  the  tissue  parenchyma  associated  with  the 
presence  of  clusters  of  microcalcifications  can  be  quantified  by  evaluating  the  entropy  in 
the  region. 

As  these  findings  warrant  further  studies  (particularly  observer  performance 
confirmation)  we  are  requesting  continuation  of  the  project  without  any  additional  funding. 
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1.  INTRODUCTION 

The  long  term  objective  of  the  project  is  ultrasonic  echo-scanning  demonstration  of 
the  detection  and  diagnosis  of  small  breast  tumors  of  a  few  mm  (~  2  mm)  in  size.  Small 
tumor  detection  requires  large  (~f/l),  2-D  transducer  array  (S-lOcm)  to  achieve  the  high 
lateral  resolution.  Imaging  from  so  large  an  aperture  suffers  wavefront  aberration.  The 
wavefront  aberration  problems  inside  the  female  breast  are  caused  by  distortion  sources  of 
two  distinct  types,  isotropic  scattering  and  nonisotropic  multipath  caused  bv  refraction 
and/or  reflection.  Scattering  diminishes  contrast  resolution  (CR),  and  multipath  create  false 
targets  or  ghost  image  artifacts.  Both  reduce  CR  in  image.  We  seek  -60  to  -70  dB  CR  for 
echo  imaging  so  as  to  prevent  contamination  of  otherwise  black  cysts  with  scattered  and/or 
refracted  echo  energy  and  thereby  to  cause  them  to  look  like  speckled  tumors. 

The  tools  that  we  proposed  to  investigate  were  adaptive  signal  processing  methods 
for  wavefront  distortion  compensation.  In  addition,  we  also  proposed  to  study  large 
aperture  design  principles  for  next  generation  high  resolution  ultrasound  breast  scanner.  In 
the  last  year,  we  found  that  applying  a  time  delay  type  algorithm  developed  by  Flax  and 
O'Donnell  (1988)  to  in  vitro  2-D  breast  data  and  the  algorithm  has  suppressed  scattered 
energy  and  folded  it  into  the  target  image,  increasing  CR  by  10-20  dB  (Hinkelman  et  al, 
1995,  Zhu  and  Steinberg,  1994).  Such  adaptive  algorithms  have  been  developed  in  many 
fields  in  the  last  20  years  (optics,  Muller,  1974;  radar,  Steinberg,  1981;  radio  astronomy, 
Cornwell,  1989;  ultrasound.  Flax  and  O'Donnell,  1988,  Nock  et  al.  ,1989,  Fink,  1992). 
These  are  global  algorithms  that  correct  time  delay  errors  in  wavefronts  caused  by 
inhomogeneous  tissue  and  leave  the  wavefront  amplitude  distortion  intact.  This  type  of 
algorithm  is  well  understood  and  can  be  applied  to  echoscanners  with  modest  success. 
Recently,  we  have  had  a  leap  in  understanding  as  to  how  to  properly  treat  the  wavefront 
amplitude  distortion  and  multipath  interference  problems.  Our  newest  Toward  Inverse 
Filter  (TIF)  approach,  submitted  for  publication  (Appendix  A),  has  shown  6-10  dB 
improvement  in  CR  more  than  phase  conjugation,  the  best  phase  correction  procedure.  Our 
spatial  location  diversity  and  coherent  CLEAN  approach,  though  preliminary,  increases  CR 
by  ~7  dB  (Appendix  G). 

2.  SUMMARY  OF  THE  ACHIEVEMENTS 

There  were  four  major  tasks  in  the  proposal.  These  items  were  either  completed  or 
are  in  progress.  Publications  resulting  from  this  work  are  referenced  in  subpar.  1-4 
immediately  below. 

1.  Analyze  and  evaluate  1-D  in  vivo  breast  wavefront  data  from  a  point  source  mea¬ 
sured  with  a  10-cm  1-D  linear  array.  Extract  statistical  information  about  waveform 
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distortion  from  the  data.  This  information  is  valuable  for  the  design  of  stronger  wavefront 
compensation  algorithms. 

The  1-D  data  had  been  taken  at  Hosp.  Univ.  Pennsylvania  (HUP)  on  an  earlier 
Commonwealth  of  Pa.  grant  44  asymptomatic  women  who  had  x-ray  mammography  were 
studied.  They  were  ^vided  into  three  approximately  equal  size  groups  -  premenopausal 
dense  breasts,  premenopausal  fatty  and  postmenopausal.  Propagation  path  in  tissue  was 
12  cm.  Frequencies  were  3  and  4  MHz.  Waveforms  were  wideband  (to  emulate  echo)  and 
narrowband  (to  avoid  frequency  selective  phenomena).  Statistics  were  obtained  and  pub¬ 
lished  on  wavefront  amplitude  distribution,  correlation  distance  and  image  sidelobe  levels 
caused  by  wavefront  distortion  [  1 ,2,3,4] . 

2.  Extend  measurement  capability  to  2-D.  Obtain  2-D  breast  data.  Analyze  as  in  item  1. 

2-D  breast  data  obtained  and  analyzed,  from  collaboration  with  URochester  group  [5, 
6].  In  addition  to  data  analysis,  we  also  completed  a  theoretical  scattering  model  [7].  It 
predicts  halo  around  target,  calculates  halo  width  and  intensity,  calculates  loss  in  target 
contrast  and  dynamic  range  vs  array  size,  frequency,  propagation  depth  in  tissue,  phase  or 
time  delay  variance  in  tissue,  scatterer  size,  correlation  distance.  Compares  favorably  with 
reported  experimental  data.  The  model  can  be  used  to  guide  the  design  of  high  resolution 
ultrasound  systems. 

3.  Test  existing  phase  deaberration  algorithms.  Determine  suitability  to  high  resolution 
imaging  in  tiie  breast.  Develop  stronger  wavefront  compensation  algorithms  as  needed  to 
the  extent  possible. 

Existing  phase  deaberration  algorithms  were  tested  and  compared  both  theoretically  and 
experimentdly  upon  2-D  measurement  data  (dominant  scatterer  (Steinberg,  1981)/  time  re¬ 
versal  mirror  ^ink,  1993),  time  delay  correction  (Flax  and  O'Donnell,  1988,  Nock,  et  al., 
1989),  backpropagation  plus  time  delay  (Liu  and  Waag,  1994))  [6,8].  Two  types  of 
strongCT  wavefront  compensation  algorithms  have  been  developed.  These  are: 

a.  Toward  Inverse  Filtering  Approach 

2-D  data  analysis  and  2-D  algorithmic  studies  indicate  that  ultrasonic  wavefront 
distortion  inside  the  female  breast  falls  into  two  categories,  incoherent  scattering  and 
coherent  multipath.  Scattering  reduces  target  strength,  broadens  image  lobe  and  lowers  the 
image  contrast  while  refraction  creates  coherent  multipath  interference  that  produces  false 
targets  or  ghost  artifacts  in  the  image  [6,8].  Time-delay  type  compensation  algorithms  are 
useful  to  minimize  scattered  energy  and  to  improve  image  contrast  to  a  large  extent  (15  dB) 
[5,6].  Fiuther  improvement  of  contrast  resolution  requires  compensation  algorithms  that 
can  compensate  wavefront  amplitude  distortion  and  remove  false  targets.  A  new  approach. 
Toward  Inverse  Filtering,  which  is  designed  to  solve  scattering  problem,  is  developed  and 
experimentally  demonstrated  using  2-D  in  vitro  measurement  data  [6,8].  Contrast 
resolution  has  been  improved  6  -  10  dB  more  than  the  best  phase  deaberration  procedure 
(phase  conjugation)  at  tihe  aperture. 

b.  Multipath  Identification  and  Cancellation  Procedure 

Multipath  interference  is  a  much  more  difficult  problem  than  scattering.  Because  it  is 
not  a  stationary,  stochastic  process,  two  distinct  steps  are  required  to  deaberrate  refraction- 
contaminated  image.  It  is  first  necessary  to  recognize  which  target  is  the  true  target  and 
which  is  the  false  one  caused  by  interference.  In  [9]  we  demonstrate  that  when  a  cluster  of 
true  and  false  targets  is  imaged  from  several  different  array  locations  the  tme  target  remains 
in  position  and  changes  very  little  in  size  and  shape.  The  images  of  false  targets,  on  the 
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other  hand,  are  highly  sensitive  to  the  direction  from  which  they  are  viewed.  Therefore, 
they  change  sufficiently  in  location,  size  and  shape  to  classify  them  as  false.  In  this  way 
the  recognition  problem  is  solved.  The  second  key  problem  is  the  cancellation  of  the 
multipath  arrivals.  In  [9],  we  show  that  coherent  CLEAN  deconvolution  technique  can  be 
used  as  a  tool  to  solve  the  second  problem;  a  single  pole  canceller  has  offered  average  of  7 
dB  improvement  in  target  dynamic  range.  Sophisticated  cancellations,  which  are  now 
being  studied,  are  expected  to  offer  more.  These  results,  though  preliminary,  lead  to 
considerable  optimism  that  this  approach  may  lead  to  the  solution  of  the  second  problem. 

4.  Design  and  test  2-D  large  acoustic  transducers  for  higher  resolution  imaging, 
a  2-D  Acoustic  Array  Design 

Dramatically  reducing  the  number  of  transducer  elements  in  a  large  2-D  array,  called 
element  thinning,  is  essential  for  designing  a  practical  2-D  transducer  array.  Analysis 
revealed  that  by  using  the  ultrawideband  (UWB)  property  of  this  array,  very  thin  high 
resolution  arrays  can  be  built.  Several  groups  have  studied  random,  sparse,  two- 
dimensional  ultrasonic  arrays  (Turnbull  et  al ,  1992,  Cassereau  et  al  1992,  Davidsenet  al , 
1994).  They  chose  a  random  location  of  elements  in  order  to  avoid  the  grating  lobes  of  a 
periodically  thinned  array.  Consequently,  the  resulting  side  energy  of  the  radiation  field  is 
much  higher  than  that  of  a  filled  array,  as  predicted  by  random  array  theory.  These  groups 
did  not  consider  the  ultrawideband  nature  of  currently  available  transducers  in  their  array 
design.  The  distribution  of  sidelobe  energy  from  an  UWB  array  is  very  different  from  a 
conventional  narrowband  (NB)  array.  Due  to  the  UWB  nature  of  the  pulse,  the  radiated 
waveform  from  UWB  arrays  varies  in  time  which  is  not  the  case  in  NB  arrays.  As  a  result, 
the  waveform  has  an  extra  dimension  with  respect  to  NB  radiation  fields  across  which 
undesired  side  energy  can  be  distributed.  We  have  found  that  UWB  arrays  can  be  highly 
thinned  and  achieve  a  much  lower  side  energy  level  than  NB  arrays. 

Our  theory  and  siulations  show  that  when  UWB  arrays  are  highly  thinned,  there  exist 
regions  of  the  radiation  fields  where  there  is  no  interference.  NB  array  analysis  is  based  on 
the  assumption  that  the  entire  radiated  field  has  interference;  therefore,  conventional  NB 
analysis  does  not  apply  in  highly  thinned  UWB  arrays.  The  analysis  to  date  established  a 
method  for  characterizing  the  radiation  from  highly  thinned  UWB  one-  and  two- 
dimensional  arrays.  This  method  simplified  the  radiation  field  by  analyzing  its  interfering 
and  a  non-interfering  regions  separately.  The  results  showed  that,  contrary  to  convention^ 
wisdom,  a  periodic  array  is  preferred  over  a  random  array.  Furthermore,  to  achieve  the 
same  high  resolution  and  low  side  radiation  level,  the  highly  thinned  periodic  UWB  array  is 
capable  of  reducing  the  number  of  elements  required  in  a  conventional  filled  array  to 
approximately  the  square  root  of  that  number.  We  call  such  an  array  a  "v/N  array. 

As  a  consequence  of  element  thinning,  there  is  a  loss  in  signal-to-noise  because  of  the 
loss  in  aperture  area.  A  parametric  rdation  was  derived  which  gives  the  minimum  number 
of  elements  required  to  insure  an  adequate  signal-to-noise  ratio.  Theoretically,  it  can  be 
shown  that  the  Vn  array  is  capable  of  achieving  a  sufficient  signal-to-noise  ratio  for  pulse- 
echo  ultrasonic  imaging. 

b.  Equipment  for  Experiment  Program 

The  ultrasound  laboratory  is  fully  operational  and  is  used  daily  in  support  of  the 
experimental  program.  The  facility  includes  a  water  tank  test  chamber  that  is  designed  for 
3-D  synthetic  aperture  imaging  with  arbitrary  transducer  array  configurations  within  a  15- 
cm  cube.  A  three-axis  micro-positioner  table  with  linear  encoders  (purchased  from  New 
England  Affiliated  Technology)  provides  for  the  control  of  element  position  accuracy 
within  3  microns.  In  a  typical  experiment,  a  fixed  hemispherical  transducer  radiates  a  short 
pulse  (500  nsec)  at  3.75  MHz,  and  a  0.6  mm  hydrophone  receives  the  resulting  waveform 
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at  each  desired  measurement  position.  Each  received  waveform  is  sampled  well  above  the 
Nyquist  rate,  displayed  and  digitized  by  a  HP54120T  sampling  oscilloscope,  and  stored  in 
a  desktop  computer.  The  entire  experiment  is  under  preprogrammed  computer  conttol. 
The  ouq)ut  data  set  includes  a  received  waveform  from  each  receiving  element-position. 
Each  data  set  is  then  operated  upon  by  relevent  software,  i.e.,  imaging,  Fourier  transform, 
correlation,  etc. 

3.  CONCLUSION 

Adaptive  wavefront  compensation  is  an  useful  tool  to  increase  CR  for  ultrasonic 
breast  imaging  and  the  total  CR  improvement  in  point  source  image  is  about  25  dB.  The 
next  step  will  be  the  careful  evaluation  of  these  methods  using  2-D  large  aperture  pulse- 
echo  system  upon  in  vitro  samples  and  in  vivo  volunteers. 

Simulations  show  that  highly  thinned  UWB  arrays  are  able  to  achieve  high  resolution 
and  a  low  side  radiation  level  while  maintaining  a  sufficient  signal-to-noise  level.  A 
periodic  configuration  of  elements  gives  a  lower  side  radiation  level  than  a  random  array 
and  is  able  to  reduce  the  number  of  elements  conventionally  required  by  a  filled  array  to 
about  the  square  root  of  that  number.  The  next  step  in  the  array  design  is  to  experimentally 
verify  the  properties  of  this  Vn  array  in  our  ultrasonic  experimental  system. 
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ABSTRACT - There  are  two  types  of  wavefront  distortion  inside  the  female  breast, 

incoherent  scattering  and  coherent  interference.  Adaptive  wavefront  compensation 
algorithms  developed  so  far  are  useful  for  correction  of  incoherent  distortion  caused  by 
scattering.  The  performances  of  these  algorithms  differ  according  to  the  extent  of  wavefront 
amplitude  distortion.  It  is  shown  analytically  and  experimentally  in  this  paper  that  the 
matched  filtering  approach  while  optimal  for  detection  is  not  so  for  imaging  when  the 
wavefront  amplitude  is  distorted  in  addition  to  phasefront  distortion.  Matched  filtering 
algorithms  increase  wavefront  amplitude  variance  and  therefore  decrease  image  contrast. 
The  inverse  filtering  approach  while  ideal  for  fidelity  is  not  stable  when  SNR  is  low.  An 
approach  toward  inverse  filtering,  amplitude  compression  operation  in  addition  to  phase 
deaberration,  is  introduced  in  this  paper.  Analysis  and  experiments  show  that  its 
performance  is  superior  to  matched  filtering  algorithms  and  to  time-delay  type  correction 
algorithms  without  introducing  stability  problems. 

I.  INTRODUCTION 

In  principle,  high  ultrasound  resolution  can  be  achieved  with  very  large  ultrasound 
transducers.  However,  large  transducers  are  more  susceptible  to  wavefront  distortion 
caused  by  inhomogeneous  tissue  because  the  transducers  cover  large  volumes  of  tissue  and 
the  beams  interact  with  more  spatial  variations  in  tissue  composition.  The  distortion  inside 
the  female  breast  falls  into  two  categories:  incoherent  scattering  reduces  the  target  strength, 
broadens  the  image  lobe  [1-2]  and  raises  the  background  level  and  therefore  lowers  the 
image  contrast  [3-4].  Refraction  creates  coherent  multipath  interference  that  produces  false 
targets  or  image  artifacts  in  addition  to  true  targets  in  the  image  [10],[4].  The  interference 
problem  is  more  severe  when  the  aperture  is  large. 

Numerous  efforts  have  been  made  to  correct  wavefront  distortion  produced  by 
breast,  liver  and  abdominal  wall  [9],[13-17].  Basic  deaberration  algorithms  [5-7]  are 
recognized  to  be  suitable  only  for  weak  scattering  that  can  be  modeled  as  a  thin  random 
phase  screen  located  in  the  plane  of  the  receiving  aperture  [8-9], [18].  Extensions  of  the 
basic  algorithms  are  made  to  correct  amplitude  distortion  caused  by  strong  scattering  or 
distributed  scattering  [8-9].  A  model-based  approach,  that  used  a  priori  information  of  the 
speeds  of  the  rectus  muscle  layers  inside  the  abdominal  wall,  has  been  developed  to  correct 
double  image  artifacts  caused  by  refraction  [17].  The  proposed  technique  is  not  model 
based  and  therefore  is  freed  from  the  necessity  of  having  a  prior  information  about  the 
source  of  the  distortion. 

The  motivation  of  this  study  stems  from  the  following.  The  algorithms  [5-9]  that 
require  no  a  priori  knowledge  about  the  propagating  medium  function  differently  upon 


incoherent  scattering  and  coherent  interference;  therefore  it  is  important  to  understand  the 
effects  of  the  two  distortion  processes  upon  the  image  and  then  apply  suitable  correction 
mechanisms  to  the  algorithms.  The  scattered  energy  increases  with  the  propagation  depth  in 
the  breast;  therefore  the  performance  of  descattering  algorithms  [5-9]  is  expected  to 
deteriorate  with  depth.  Modeling  and  quantification  of  depth  dependent  distortion  and 
correction  are  extremely  valuable  for  the  design  of  next  generation  high  quality  breast 
scanners. 

In  this  paper  we  analyze,  through  modeling  and  experiment,  image  distortion  caused 
by  scattering  and  coherent  interference,  and  the  extent  to  which  image  quality  improvements 
are  affected  by  deaberration.  Wavefront  compensation  algorithms  based  on  matched 
filtering  are  first  recognized  to  be  unsuitable  for  imaging  in  distributed  scattering  because  the 
algorithms  increase  wavefront  amplitude  distortion  and  therefore  decrease  image  contrast.  A 
compression  operation  on  wavefront  amplitude,  akin  to  inverse  filtering,  which  can 
significantly  reduce  wavefront  amplitude  variance  is  introduced.  We  demonstrate  through 
experiments  that  a  combination  of  the  amplitude  compression  and  either  phase-deaberration 
at  the  aperture  or  backpropagation  plus  phase-deaberration  at  some  optimal  distance  from  the 
aperture  can  significantly  improve  image  contrast  and  restore  the  mainlobe  diffraction  shape 
to  a  -30  dB  level.  Linear  regression  analysis  of  sidelobe  energy  vs.  propagation  depth  from 
available  data  indicates  that  good  focusing  with  high  contrast  resolution  throughout  the  100 
mm  propagation  depth  by  deaberration  is  possible. 

II.  SCATTERING  MODELS 

The  wave  propagation  problem  is  formulated  similarly  to  the  line-of-sight 
propagation  problem  through  a  tenuous  distribution  of  particles  [19].  A  narrowband  wave 
is  used  to  simplify  the  description  and  derivation.  The  analytic  results  can  be  taken  as  rules 
of  thumb  applicable  to  the  wideband  case  to  characterize  contrast  resolution  due  to 
wavefront  amplitude  and  phase  distortions. 

An  ultrasound  wave  (either  spherical  or  planar)  propagates  in  an  inhomogeneous 
medium  (Fig.l).  It  consists  of  coherent  and  incoherent  waves.  The  incoherent  wave  is  also 
called  a  scattered  wave.  As  the  wave  propagates,  the  coherent  intensity  Ic  is  attenuated  due 
to  absorption  and  scatter,  and  the  incoherent  intensity  li  is  scattered  broadly. 

A.  Weak  Scattering 

The  field  E  at  a  receiving  aperture  is  predominantly  coherent  and  the  magnitude  of 
the  incoherent  field  is  much  smaller  than  that  of  the  coherent  field.  E  is  the  sum  of  the 
coherent  and  incoherent  fields. 

E(x)  =  Ec(x)+Ei(x)  ( 1 ) 

Ec(x)  »  Ei(x),  <Ec(xl)Ei(x2)>  =  0  and  <Ei(x)>  =  0  (2) 

where  <>  is  the  ensemble  average  and  x  is  the  spatial  variable  at  the  receiving  aperture. 

The  spatial  correlation  or  mutual  coherence  function  of  the  field  at  the  aperture  is 
given  by  r  =  <E(xl)E(x2)>.  Since  <Ei(x)>  =  0  and  <Ec(xl)Ei(x2)>=0,  the  spatial 
correlation  function  satisfies  T  =  rc+  Fi.  If  the  receiver  is  located  in  the  far  field  or  within 
the  focal  region  of  the  source,  the  angular  source  intensity  distribution  or  intensity  image  is 
the  Fourier  transform  of  the  spatial  correlation  function  and  equals  the  summation  of  the 
coherent  and  statistically  smoothed  symmetrical  incoherent  spectra  (Fig.2(a)).  For  each 
realization,  however,  the  incoherent  spectrum  can  have  valleys  and  hills.  The  Fourier 
relationship  between  the  incoherent  spatial  correlation  function  Fi  and  incoherent  spectrum 
is  commonly  known  as  the  Van-Cittert  Zemike  theory  [20]. 
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The  wavefront  distortion  is  primarily  in  the  phasefront  and  can  be  modeled 
approximately  as  due  to  a  thin,  random  phase  screen  located  in  the  plane  of  the  receiving 
aperture  and  defined  by  a  spatial  correlation  distance.  Such  distortion  is  correctable  by 
phase-deaberration  or  time-delay  compensation  algorithms  [5-7].  The  algorithms  operate 
upon  the  incoherent  field.  They  fold  the  scattered  energy  into  the  coherent  field  and  thereby 
restore  the  full  diffraction-limited  image  (Fig.2(b)). 

The  most  relevant  wavefront  measurement  in  a  weak  scattering  field  is  the  spatial 
correlation  function  of  the  phasefront  or  time-delay  profile  as  reported  by  several  groups 
[1], [16], [21-22].  From  this  information,  the  performance  of  the  phase  deaberration  process 
can  be  predicted. 

B.  Strong  Scattering  or  Distributed  Scattering 

The  coherent  component  is  attenuated  and  the  incoherent  component  is  scattered 
broadly.  Wavefront  amplitude  is  distorted  in  addition  to  phasefront  distortion.  A  more 
suitable  representation  of  the  field  is  the  Rytov  model.  A  distributed  random  distortion 
medium  can  be  represented  as  a  cascade  of  thin,  independent  distortion  layers  (Fig.3(a))  or 
phase  screens  [19].  At  the  i  th  layer,  the  field  can  be  written  as  Ei  =  Aicxip(j(l)i). 
Phasefront  distortion  is  developed  due  to  time  shift  through  each  layer.  Wavefront 
amplitude  distortion  is  developed  as  the  phase-aberrated  wavefront  propagates  through  the 

medium  to  successive  layers  (Fig.3(b)).  Let  Eq  =  expijtj)^)  be  the  reference  field.  The 
distorted  field  is  then  a  product  of  contributions  from  each  layer 

E(x)=EfjEiE2 . El . Ej^  (3) 

The  amplitude  of  denoted  as  is  A^  =  A^A2 . Ai . A^  and  the  phase 

Eq(x) 

(pt  =  <l>i  +  <1)2+ . . +^N-  Assume  that  the  layers  are  statistically  independent  and  have 

common  statistics;  therefore  A,  =  A  +  5A,  and 

N  oa  N  04 

Af  =  ( A)^  11  (1  +  =  (^)^  (1  +  X  higher  order  products)  (4) 

i=l  ^  i=l  ^ 

—  6A- 

Since  A  is  close  to  unity  and  -^=r^,  i=l,2, . N,  are  independent  variables,  the 

A 

amplitude  variance  of  Aj  normalized  to  (A)^  is  <y\  ~  >  where  <7|a  is  the  normalized 

‘  A  A 

amplitude  variance  of  a  single  screen,  grows  linearly  with  the  total  number  of  phase 

screens  N  and  therefore  with  the  propagation  distance  D.  The  phase  variance 

where  cr^  is  the  variance  of  a  single  phase  screen;  therefore  grows  linearly  with  N  and 
D. 


The  overall  spectrum  (sum  of  coherent  and  incoherent  spectra)  is  broadened  (see  outline 
of  Fig.4(a))  and  reduced  in  strength.  The  background  level  is  increased  and  therefore 
image  contrast  is  reduced. 
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The  scattered  energy  increases  with  the  propagation  depth.  The  energy  ratio  (ER), 
which  is  the  energy  outside  the  main  image  lobe  to  the  energy  inside  the  main  image  lobe, 
is  a  useful  tool  to  quantitatively  evaluate  the  depth-dependence  distortion  upon  image 
contrast.  The  relationship  between  ER  and  propagation  depth  D  (see  Appendix  for 
derivation)  is 

ER  =  C((7l  +(jX)  =  CN{g]  -h (T^)  =  C^{o]  +  CTp  (5) 

A  A 

where  C  is  a  function  of  the  source  illumination  profile  and  d  is  the  thickness  of  the  screen 
and  is  approximately  the  correlation  distance  of  the  medium.  ER  linearly  grows  with  the 
propagation  distance.  This  relationship  is  analogous  to  the  average  sidelobe  floor  in  the 
radiation  pattern  of  an  array  with  errors  [23]  and  to  the  average  sidelobe  floor  in  an 
arbitrary  source  distribution  imaged  through  a  distorting  medium  [18].  Eq.  (5)  can  be 
applied  to  wideband  as  an  approximation. 

So  long  as  certain  correlation  properties  exist  in  the  wavefront,  phase  compensation 
algorithms  are  still  useful  in  strong  scattering  to  partially  remove  phase  distortion  and  build 
up  the  strength  of  the  coherent  field  (Fig.4(b)).  Wavefront  amplitude  distortion  remains,  as 
does  residual  phase  distortion,  and  produces  a  significantly  high  incoherent  background 
level  in  the  spectrum.  Any  phase-deaberration  procedure  that  provides  a  better  phase  error 
estimate  than  that  of  the  basic  algorithms  [5-7]  can  reduce  this  background  level. 
Wavefront-deaberration  algorithms  that  take  amplitude  distortion  into  account  can  further 
reduce  this  background  level  if  the  algorithms  reduce  wavefront  amplitude  variance. 

£ 

Consider  the  distortion  vector  f= —  =  A^  exp(70f ).  Fig.5  shows  such  a  distortion 

vector  f  for  some  instantaneous  sample  of  the  radiation  field.  The  optimum  compensation 
weight  vector  or  transformation  Wopt=Af^  exp(- is  the  right-most  one  which  carries 

the  distortion  component  of  the  complex  sample  to  the  intersection  of  the  x-axis  and  the  unit 
circle,  for  then  both  amplitude  and  phase  are  exactly  corrected.  The  left-most 
transformation  w=A^  exp(- j(f)t)is  matched  filtering  (ME)  which  squares  the  amplitude  and 
conjugates  the  phase.  ME  is  theoretically  optimum  for  maximizing  SNR  on  a  white, 
Gaussian  channel.  It  is  an  optimum  solution  for  detection  but  not  when  fidelity  is  an 
important  criterion,  as  in  imaging.  But  it  does  satisfy  the  requirement  for  phase  correction. 
Examples  of  ME  algorithms  are  Dominant  Scatterer  Algorithm  (DSA)  [24]  and  Time 
Reversal  Mirror  (TRM)[8].  We  should  expect  that  ME  algorithms  are  useful  when 
wavefront  distortion  resides  principally  in  phase,  with  amplitude  relatively  unaffected. 
Otherwise  ME  algorithms  would  be  less  effective  than  if  amplitude  were  ignored  and  phase 
only  were  corrected.  Later  we  show  that  by  squaring  the  amplitude,  a  ME  algorithm 
increases  the  wavefront  amplitude  variance  and  thereby  increases  the  energy  in  the  sidelobe 
region. 


Consider  what  happens  when  a  phantom  consisting  of  a  random  phase  screen  is 
placed  at  a  receiving  transducer.  The  element  signal  samples  are  correct  in  amplitude  and 
distorted  only  in  phase  by  a  random  additive  component.  Phase  aberration  correction 
(PAC),  consisting  of  phase  conjugation  (PC),  is  then  the  optimum  compensator.  The 
signal  amplitude  is  unchanged.  This  operator  is  represented  by  the  2nd  (from  the  left) 
transformation.  Time  delay  compensation  (TDC)[5-7]  is  in  the  same  class. 
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The  right-most  transformation  which  corrects  both  amplitude  and  phase  is  the 
inverse  filter  (IF).  It  is  theoretically  ideal  for  fidelity  but  has  drawbacks.  Because  the  IF 
adjusts  the  channel  gain  to  be  the  reciprocal  of  the  signal  strength,  at  points  in  the  receiving 
aperture  where  signal  strength  is  weak  the  enhanced  channel  gain  raises  the  noise  to  the 
point  where  SNR  can  be  impaired.  This  is  particularly  troublesome  when  there  is  coherent 
refractive  interference  in  the  receiving  array.  A  second  potential  problem,  which  we  have 
avoided  by  not  working  to  close  to  the  IF  point,  is  that  an  IF  is  unstable  when  the  distorting 
medium  has  zeroes  in  the  complex  plane.  Thus  the  right-most  transformation  carries  the 
correction  too  far. 


The  complex  weights  of  MF,  PC  and  IF  are,  respectively,  Af,  1  and  each 

multiplied  by  exp(-7<^,).  The  signal  after  weighting  is  Af^,  Af  and  1.  The  first  and  last 
are  far  from  optimum  for  the  reasons  given.  The  3rd  from  the  left  transformation  is  a 

compromise.  The  correction  vector  is  A;~^^^exp(— The  signal  after  weighting  is 

Af^^^  (called  later  the  square  rooter).  Another  transformation  to  the  right  of  the  square 

rooter  is  fourth  rooter  (signal  amplitude  is  after  weighting).  In  general,  the 

correction  vector  is  Aj“(^“^)^^exp(-;^f))  and  signal  amplitude  is  A/''^  after 
transformation  of  the  Mth  rooter.  In  part  C,  we  demonstrate  experimentally  that  low  order 
rooters  (square  rooter  and  fourth  rooter),  in  addition  to  phase  deaberration  at  the  aperture, 
can  significantly  improve  contrast  resolution  without  encountering  the  stability  problem. 

The  dominant  scatterer  algorithm  (DSA)  developed  in  narrowband  radar  [24]  is 
designed  for  adaptively  focusing  a  large  distorted  receiving  array  upon  a  point  target  and  is  a 
matched  filter  process  in  space.  DSA  creates  a  compensating  weight  vector  w  from  the 
complex  conjugate  of  the  received  echo,  i.e.,  w=Af  exp(-y0j).  The  DSA-corrected 

receiving  beam  is  the  Fourier  transform  of  wAf  exp(70j)  =  a}  .  Consequently,  DSA  uses 
wavefront  amplitude  to  provide  additional  SNR  gain  than  phase  conjugation  only,  for 
which  w  =  exp(- y0^).  However,  when  the  wavefront  amplitude  is  distorted,  the  amplitude 
weight  further  increases  the  sidelobe  level  in  the  beam.  The  measure  in  the  increase  is  the 

increased  wavefront  amplitude  variance.  Since  Af  =  AfA2 . Af . A^,  therefore  eq. 

(4)  is  changed  to 


N 


N  XA.  ^  ^  xa. 

A;^  =(A)^^J][(1-I--^)  =(A)^^(1 -1-^2^^+  higher  order  products)  (6) 
i=l  ^  i=l  ^ 


The  variance  of  square  amplitude  cr^2  =  4N<Jsa  which  is  4  times  larger  than  without 

9  •  •  ^2 

amplitude  weight.  Assuming  phase  error  is  compensated,  ER  will  rise  from  C— 

T 

D  9 

to  C — 4ct|^  which  is  about  a  6  dB  decrease  in  image  contrast. 
d  — 

A 


The  time  reversal  mirror  (TRM)  developed  by  Fink  [8]  provides  optimal  focusing  of 
a  wideband  transducer  upon  a  target  through  a  scattering  medium  and  is  a  matched  filter 
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process  in  both  space  and  time  (waveform).  The  operation  reverses  the  received 
waveforms,  retransmits  them  through  the  medium  and  then  focuses  the  array  on  the  toget. 
The  transmitting  beam  pattern  is  the  convolution  of  the  received  waveforms  and  their  tiine- 
reversed  version.  In  the  frequency  domain,  TRM  is  a  phase  conjugation  procedure  (with 
amplitude  weight)  at  each  frequency  within  the  signal  band.  It  is  Mticipated  that  TRM 
focusing  produces  poorer  illumination  in  the  neighborhood  of  the  target  than  phase 
conjugation  focusing  does  for  the  reason  discussed  in  the  previous  paragraph. 

Square  root  amplitude  weighting  changes  eq.  (4)  to 


O.  1/2  _ 

=  (A)"'^  j^(l  +  ■^)  =  (A)'^'^(l  +  +  higher  order  products) 


M. 


1=1 


(7) 
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The  amplitude  variance  G\,n  =  which  is  4  times  less  than  with  unit  amplitude  weight. 
Assuming  phase  error  is  compensated.  ER  will  reduce  from  C— to  which 

T  ^  . 

implies  about  a  6  dB  increase  in  image  contrast.  Mth  rooter  will  reduce  the  amplitude 
variance  by  2M  if  the  SNR  is  still  adequate.  This  nonlinear  transformation  upon  wavefront 
amplitude  is  a  compression  operation  (see  Fig.6).  The  detailed  evaluation  of  the  effects  of 
this  compression  operation  upon  image  can  be  performed  by  studying  the  aniplitude 
distributions  of  images  before  and  after  the  operation.  This  is  a  subject  of  a  later  study. 

Backpropagating  the  received  wavefront  to  an  optimal  backpropagation  distance  and 
performing  phase  deaberration  at  this  optimal  distance  (BPT)  [5]  provides  first  order 
correction  of  wavefront  amplitude  distortion  due  to  propagation  from  the  backpropagation 
distance  to  the  receiving  aperture  and  therefore  performs  better  than  phase  deaherration  at  the 
aperture.  In  part  C,  we  demonstrate  experimentally  that  the  BPT  transformation  is 
somewhere  to  the  right  of  TDC  and  PC  and  left  of  PC  and  rooter.  We  also  demonstrate  that 
square  rooter  in  addition  to  BPT  can  significantly  improve  the  performance  of  BPT. 

The  relevant  measurement  in  a  strong  scattering  region  is  wavefront  amplitude 
variance  [15]  (narrowband)  or  wavefront  energy  fluctuation  [16], [21]  (wideband)  in 
addition  to  arrival  time  variance.  Since  wideband  waveforms  can  be  Fourier  decomposed 
into  a  set  of  narrowband  complex  wavefronts  within  a  signal  band,  waveform  distortion 
therefore  implies  complex  wavefront  amplitude  distortion  and  vice  versa  .  In  the  following 
text,  waveform  distortion  and  wavefront  amplitude  distortion  are  used  indistinguishably. 

C.  Correction  upon  Scattering  Samples 

To  develop  an  understanding  of  deaberration,  our  studies  have  concentrated  on  one¬ 
way  propagation  measurements  and  corrections  of  point  source  fields.  The  2-D 
measurement  system  and  procedure  were  described  in  [16],[11].  Briefly,  a  breast 
specimen  was  placed  between  hemispherical  source  and  receiving  array.  The  2-D  array 
consisted  of  a  92-mm  1-D  linear  array  translated  46  mm  perpendicular  to  its  axis  to  form  a 
synthetic  2-D  array  92  nun  x  46  mm.  Element  pitch  in  the  receiving  transducer  was  0.72 
mm  and  a  reflecting  mask  reduced  the  receiving  elevation  to  1.44  mm.  Frequency  was  3.7 
MHz.  Bandwidth  was  2  MHz.  Waveforms  were  measured  at  each  element,  from  which  2- 
D  wavefronts  were  reconstructed  as  functions  of  time.  3-D  image  data  were  calculated  by 
(1)  Fourier  decomposition  of  the  temporal  waveforms  at  each  (x,y)  position  in  the  aperture, 


6 


('?'>  calculation  of  a  complex  CW  2-D  image  at  each  Fourier  frequency  in  Ae  focal  plane  by 

“ea“"S^?th£kness  varM  from  1  to  4  cm.  The  following  ,s  a  typical  example  of 
correetion  upon  a  scattering  sample. 

Fiss  7  (a)  and  (b)  show  -6  dB  contour  plots  of  images  obtained  from  the  water  path 
and  the  3  5-cm  breast  tissue  path  (brsOOS).  Contour  spacing  is  1  dB.  Abscissa  and  ordi¬ 
nate  are  azimuth  and  elevation  in  mm  in  the  image  pl^e. 

tion  pattern  at  -6  dB.  The  azimuthal  beamwidth  is  about  1.5  mm  (at  a  distance  of  180  mm) 
iSaS  that  the  point  (or  lateral)  resolution  is  1.5/180  or  8.3  mrad^  Because  the  size  of  the 
receiving  array  in  elevation  is  half  the  size  in  the  array  direction,  the  width  of  the  image  i 
dSn  S  twice  as  large  as  in  azimuth.  When  tissue  is  present  (b),  the  mage  Ic^be  is 
broadened.  In  (b)  the  beamwidth  has  grown  from  1.5  mm  to  3  mm  in  azimuth  and  3.1  mm 
to  9.3  mm  in  elevation  and  the  point  resolution  has  worsened  ^ 

and  3:1  in  elevation.  A  symmetrical  scattering  pattern  appears  ^hen  the  threshold  is 
redueed.  Fig.7  (c)  shows  a  -20  dB  contour  plot  of  the  sample  image  brs005.  Contour 
spacing  is  2  dB.  Energy  is  spread  out  over  a  large  area.  No  distinct  structure  or  multipath 
lobe  can  be  identified  from  the  image. 

Fie  8  (a)-(2)  shows  the  correction  result  of  the  sample  image  brsO^  by  using 
different  methods.  Part  (h)  is  the  -30  dB  level  contour  of  a  water  PJ*  i^  The  contour 
spacings  in  Fig.8  are  the  outer  eontour  levels  divided  by  10.  Fig.  8  (a)-(c)  shows  TDC  at 
-6  -2o\nd  -30  dB  levels  (see  Fig.7(b)  and  (c)  for  comparison).  Image  qudity  mproved 
significantly  and  the  system  diffraction  pattern  is  restored  up  to  -20  dB  level,  the 
symmetrical  scattering  pattern  outlined  by  outer  contours  at  .1 

residual  phase  errors  after  phase  deaberration  and  incoherent  amplitude  distortion.  Fig.  8  (  ) 
is  the  coffection  result  of  PC  at  the  -30  dB  level.  Because  of  the  complete  removal  of  phase 
errors  exeept  for  a  2  jump,  the  scattering  pattern  is  further  ^proved  as  compjed  to  (c)^ 
Fig.  8  (e)  is  the  result  of  BPT,  and  the  scattering  pattern  is  much  better  than  that  of  PC  at  the 
aperture.  The  optimum  backpropagation  distance  of  this  tissue  sample  is  30  mm.  It  is 
interesting  to  note  that  the  beamwidth  is  narrower  than  that  obtained  through  other  methods. 
The  reason  is  that  the  actual  aperture  is  moved  30  mm  closer  to  the  source  and  the 

beamwidth  is  (R-optimal  backpropagation  distance) instead  of  ^ 

distance  between  source  and  the  receiving  aperture,  and  L  is  ^e  aperture  size.  Fjg-^  (0  ^ 
the  correction  result  of  PC  and  square  rooter  on  wavefront  amplitude  at  -30  dB.  The  patter 
is  verv  close  to  the  system  diffraction  pattern  (see  (h)  for  comparison).  Fig.8(g)  is  the  result 
of  wideband  DSA  at  the  -30  dB  level.  The  correction  result  is  worse  than  those  of  other 

methods. 

Correction  statistics  of  a  simple  metric,  the  lowest  level  at  which  mamlobe 
diffraction  shape  is  maintained  when  different  methods  are  used,  ,q  ^ 

average  levels  of  using  wideband  DSA,  PC  and  PC  and  rooter  are  14-8  (std  2.34)  9  5 

(2  61)  and  25.4  dB  (2.55  dB),  respectively.  These  results  closely  agree  with  the  analysis  in 
Section  II  of  6  dB  decrease  and  increase  in  image  contrast  from  squaring  the  ainphtude 
(DSA)  to  amplitude  intact  (PC)  and  amplitude  intart  to  square  root  of  the  amplitude  (PC  ^d 
rooter).  The  average  levels  of  using  TDC  and  BPT  are  19.3  (2.43)  and  24.0  dB(1.99  dB). 
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m.  SCATTERING  AND  REFRACTION  MODEL 


can  be  ben.  and  spH.  after  djey  pass  through 
tissue  brfswiUi  different  sound  speeds  [10).  The  interference  of  refracted  coh^ent  ray 
bundles  with  incident  rays  produces  image  artifacts  which  appear  as  false  targets.  A  simp 
representation  of  such  a  field  is 


E{x)=E„E^E^ . Ei . +  Er2{x)e 


Uhix)) 


(8) 


where  f^{x)  and  f^{x)  define  directions  of  secondary  fields  caused  by  refraction  (see 
Fig.9). 


The  angular  source  intensity  distribution  is  the  superposition  of  tte  intensity  image 
lobe,  coherent  interference  lobes  and  incoherent  spectrum  (Fig.  10(a)).  The  strengths  an 
the  numbers  of  interference  lobes  depend  on  orientations  curvatures,  sizes  and  numbers  ot 
refractive  bodies  in  the  insonified  medium,  and  may  not  be  directly  related  to  propagation 
depth.  Although  the  chance  of  incident  rays  passing  through  more  refractive  bodies 
increases  with  the  propagation  depth,  the  strengths  of  interference  lobes  resulting  from 
multiple  refraction  may  not  be  significant  compared  with  those  resulting  from  single 
refraction.  One  quantitative  measure  of  coherent  interference  phenomenon  is  the  ratio  ot  a 
large  interference  lobe  or  artifact  to  image  lobe.  For  nine  samples  that  were  determined  to 
have  significant  levels  of  coherent  interference,  the  ratio  varied  randomly  from  sample  to 
sample  and  showed  no  increase  with  thickness.  The  average  strength  (peak  value)  is  10  dB 
tstd  4  dBl  11 11.  Another  quantitative  measure  is  the  total  number  of  large  refractive  lobes 
in  each  image.  The  average  is  2  and  standard  deviation  is  0.53.  The  lobe  number  is 
independent  of  propagation  depth.  The  refractive  lobes  are  tightly  clustered  around  the  main 
lobe  with  an  average  radius  of  5.6  mm  (std.  1.8  mm)  which  is  about  2  degrees.  This  is 
because  the  speed  variations  across  glandular  tissue  and  fat  boundaries  are  small  (5-10%). 


The  correction  mechanism  in  a  strong  scattering  and  refraction  medium  is 
interesting.  If  the  primary  field  is  stronger  than  secondary  refraction  fields  the  scattered 
energy  removed  by  the  deaberration  process  strengthens  the  primary  field  by  folding  the 
removed  scattered  energy  into  the  primary  field.  As  a  result  the  ratio  of  image  lobe  to 
interference  lobe  is  improved  (Fig.  10(b)).  If,  however,  the  primary  field  is  weaker  than  the 
refracted  field,  the  scattered  energy  removed  by  the  deaberration  process  may  strengthen  the 
refracted  field.  The  corrected  result  could  then  be  worse  than  without  correction.  However, 
we  have  seen  no  evidence  of  this  so  far  in  our  experiments  reported  in  [11]. 


TRM  or  wideband  DSA  on  reception  is  a  matched  filter  process  in  both  space  and 
time,  resulting  in  maximization  of  the  signal  relative  to  the  background  white  noise. 
Correlation-based  time-delay  compensation  algorithms,  on  the  other  hand,  perform  a 
different  function;  they  adjust  time-delay  to  maximize  image  sharpness  or  image  co^r^t.  In 
a  refractive  medium,  the  problem  is  more  complicated.  Neither  TRM  or  wideb^d  DSA  nor 
time-delay  algorithms  have  a  way  of  knowing  which  signal  is  real  and  which  is  an  Mtifact 
caused  by  coherent  multipath.  Because  TRM  or  wideband  DSA  is  a  spatial  matched  filter  its 
weight  vector  forms  a  lobular  radiation  pattern  that  matches  the  sum  of  both  the  real  and 
false  signals.  Hence  all  targets,  whether  real  or  false,  are  enhanced.  In  our  experiments 
reported  in  [1 1],  with  nine  samples  that  have  well-defined  multipath  artifacts,  we  found  an 
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average  5  dB  (std.2.5  dB)  increase  in  peak  artifact  to  image  lobe  ratio  by  using  wideband 
DSA  rather  than  by  using  time-delay  compensation. 


BPT  backpropagates  waveforms  to  the  optimum  distance  before  applying  tme-delay 
comoensation.  It  removes  wavefront  amplitude  distortion  caused  by  propagation  and 
reduces  residual  phase  distortion  by  improving  the  performance  of  time-delay  copction, 
but  will  not  remove  large  lobes  caused  by  refraction.  A  simple  thought  experiment  is 
convincing:  Backpropagating  two  plane  waves  produces  two  plane  waves  at  whatever 
distance  the  waves  are  backpropagated. 


Thus  it  is  important  to  understand  the  deaberration  operations  and  to  design 
annrooriate  algorithms  that  offer  optimal  performance  in  the  corresponding  distmtmg 
niedium.  Aperture  measurement  alone  can  not  distinguish  between  wavefront  distortions 
caused  bv  refraction  or  by  strong  scattering.  Distinction  can  be  made  m  the  image  domain 
whe«  as  l^e.  coherent  interference  lobes  while  strong  scattering 

spreads  into  an  incoherent  background.  While  the  refracted  energy  may  or  may  not  be 
sFgnificantly  larger  than  the  energy  in  the  incident  wave,  it  nevertheless  produces  image 
artifacts  which  will  destroy  the  quality  of  a  high  resolution  image. 


B  Correction  upon  Samples  with  Well-defined  Multipath  .  c  u  fK 

In  most  breast  samples  (9  out  of  16),  scattering  and  coherent  interference  are  both 
present.  Fig.l  1  (a)  and  (b)  are  -10  dB  contour  plots  of  images  obt^ned  from  the  water  path 
and  the  4-cm  breast  tissue  path  (brs006).  Contour  spacing  is  2  dB.  In  tispe  ima^  (b), 
three  lobes  instead  of  one  central  image  lobe  appear.  Inner  contours  of  the  image  lobe  are 
close  to  the  system  diffraction  pattern  (Fig.  11  (a))  while  the  outer  contours  are  highly  ir¬ 
regular  due  to  scattering.  The  point  resolution  is  worsened  by  approximately  2:1  m  aznnuth 
and  3:1  in  elevation.  Two  refractive  lobes  appear  at  (-4,  -2.5)  and  (3.5,  1.5),  and  their 
strengths  are  -6  and  -8  dB.  A  closer  examination  is  obtained  from  45  degree  cuts  (Fig.  14) 
of  the  Fig.  11  (a)  and  (b)  images.  In  Fig.  12  (a),  the  peak  sidelobe  is  -36  dB,  which  is  the 
best  we  can  obtain  from  the  measurement  system.  In  the  tissue  image,  two  large  sidelobes 
(-6  dB  and  -8  dB)  appear  on  either  side  of  the  mainlobe.  The  two  nulls  between  the  lobes 
are  deep  (left :  -13  dB  below  peak,  right:  -15  dB),  which  is  a  typical  coherent  interference 
phenomenon  [15]. 


A  symmetrical  scattering  pattern  generally  appears  when  the  threshold  is  reduced,  as 
shown  Fig.l  1(c)  with  a  -16  dB  threshold  contour  and  contour  spacings  of  approximately 
1.5  dB.  The  outer  contours  show  a  roughly  symmetrical  pattern  typical  of  scattering  while 
the  inner  contours  show  an  asymmetric  lobular  interference  pattern. 


Fig.  13  shows  correction  results  of  the  sample  image  brs006  after  applying  different 
methods.  The  contour  spacings  are  the  outer  contour  levels  divided  by  10.  Fig.  13(a)  is  the 
-16  dB  contour  map  of  applying  TDC  (see  Fig.l  1(c)  for  comparison)).  Image  quality  im¬ 
proved  significantly  because  of  the  minimization  of  the  phasefront  distortion  caused  by 
scattering.  The  area  within  the  -16  dB  inner  contour  is  reduced  by  a  factor  of  11.  The 
mainlobe  pattern  is  close  to  the  system  diffraction  pattern  although  the  area  is  still  1.6  times 
larger  than  the  area  in  water  at  the  same  level.  Two  large  lobes  remain  as  expeeted  and 
appear  as  two  additional  sources.  Fig.  13(h)  is  the  correction  result  at  a  -16  dB  level  ot 
applying  wideband  DSA.  It  is  evident  that  the  procedure  enhances  interference  m  this 
example;  the  artifacts  are  5  dB  higher  than  in  Fig.l3(a).  Figs.  13(b)  and  (c)  show  -25  and 
-30  dB  contour  plots  of  TDC.  In  Fig.  13(b)  the  outer  contours  show  an  asymmetric 
interference  pattern  with  scattered  energy  distributed  around  the  two  interference  lobes.  In 
Fig.  13(c)  the  outer  contours  show  the  more  synmietrical  scattering  pattern  eaused  by 
incoherent  wavefront  amplitude  distortion  and  residual  phase  distortion.  Fig.  13(d)  is  the 
result  of  PC  at  -30  dB.  The  approximately  symmetrical  scattering  pattern  outlined  by  outer 


9 


contours  in  (c)  is  improved  due  to  better  phase  deaberration.  The  energy  is  more 

concentrated  Uund  J  image  lobe  and  interference  lobes  ^  ®Stu" 

the  scatterins  oattern  is  further  improved  as  compared  with  the  result  of  PC  at  the  apwture. 
The  SropS^^^  of  this  sample  is  50  mm.  Part  (f)  is  the  result  of  PC  and 
square  roSer^at^-  30  dB.  The  pattern  is  very  close  to  the  system  diffraction  pattern.  PC  and 
fourth  rooter  shown  in  Fig.  13(g)  restores  the  diffraction-liimted  image  to  a  -30  dB  level. 

It  is  interesting  to  note  that  the  strengths  of  the  interference  lobes^^^^^^ 
reduced  bv  8  dB  after  TDC  and  PC.  They  are  further  reduced  by  5,1  and  15  dB  alter  bPl , 
PC  and  square  rooter,  and  PC  and  fourth  rooter,  respectively.  The  improvement  comes 
to  the  »attemd  energy  which  is  originally  disrtbuted 

refracted  multipath  lobes.  This  energy  is  coherently  added  back,  by  the  deaberration 
process,  to  the  dominant  lobe,  which  in  this  case  is  the  mainlobe.  The  overall  result  is  an 
improvement  of  the  image  lobe  to  the  interference  lobe  ratio. 

Determination  of  whether  interference  was  coherent  or  scattered  was  based  upon 
whether  or  not  large  lobes  could  be  removed  by  applying  phase-deaberration  algorithms. 
Another  indicator  is  whether  or  not  a  lobe  location  moves  (scattenng)  or  remains  relatively 
the  same  (refraction)  after  the  phase  deaberration  process.  Both  means  were  used  to  identity 
whether  these  lobes  were  produced  by  refraction  or  scattering.  Large  lobes  in  nine  samples 
are  believed  to  be  caused  by  the  interference  process.  In  these  sables  i" 

average  of  a  10  dB  (std.  4dB)  improvement  in  the  range  of  5-16  dB  after  TDC,  due  to  tne 

coherent  strengthening  of  the  mainlobe. 

IV.  EXPERIMENTS 


The  significance  of  appropriate  amplitude  weighting  discussed  in  Section  II  is 
experimentally  evaluated  using  ER  introduced  in  eq.  (5^  When  phase  error  is  removed, 

ER  is  proportional  to  .  The  detailed  measurement  procedures  of  ER  and  are 
reported  in  [1 1].  Fig.  14  shows  regression  plots  of  ER,  measured  after  reducing  the  phase 
error  using  PC,  wideband  DSA,  and  PC  and  square  rooter,  vs.  .  The  three  methods 

compensate  phase  errors.  ER  and  a\  measured  in  water  using  the  three  correction 

procedures  are  also  incorporated  into  the  three  data  sets  to  represent  the  system 
performance.  The  linear  relationships  are  statistically  significant.  The  average  ERs  are 
103%  (std.  33.9%),  25%  (6.9%)  and  6.8%  (1.6%)  when  wideband  DSA,  PC  and  PC  and 
rooter  are  used,  respectively.  An  approximate  factor  of  4  reduction  in  ER  from  amplitude 
squaring  (wideband  DSA)  to  amplitude  intact  (PC)  and  amplitude  intact  to  square  root  ot 
amplitude  (PC  and  rooter)  is  obtained.  The  results  agree  with  the  analysis  in  Section  II  and 
indicate  that  intelligent  use  of  amplitude  weighting  is  crucial  for  improving  image  contrast. 


Scattered  energy  increases  with  the  propagation  depth  as  predicted  by  eq.  (5)  and 
performances  of  descattering  algorithms  deteriorate  with  propagation  depth.  In  Ref.ll, 
regression  plots  of  ER  vs.  approximate  thickness  of  16  breast  samples  were  given  by  u^ng 
7  descattering  procedures.  The  regression  plot  without  correction  was  also  given.  The 
linear  relationships  were  statistically  significant .  Fig.  15  shows  partial  results  taken  from 
Ref  1 1  The  five  curves  in  the  figure  are  obtained  by  using  wideband  DSA  (circle),  1 DU 
(solid  square),  PC  (triangle),  PC  and  rooter  (solid  triangle)  and  no  correction  (solid  circle). 
ER  reduction  from  amplitude  weighting  (wideband  DSA)  to  square  root  of  amplitude 
weighting  (PC  and  rooter)  is  clearly  shown  by  the  regression  plots.  The  regression  lines  are 
extrapolated  to  100  mm  propagation  depth,  which  is  considered  the  average  maximum 
penetration  depth  required  for  breast. 
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Before  we  discuss  the  predicted  performance  of  the  descattering  algorithms  at  IW 
mm  deoth  we  need  to  find  the  relationship  between  ER  and  image  contrast,  which  is 
defineTas’the  lowest  level  of  the  mainlobe  diffraction  shape  Image  contrast  increases 
monotonically  with  ER.  Table  I  lists  the  measured  average  ER  (first  row)  and  the  ineasured 
averaS^image  contrast  (second  row)  when  different  correction  methods  as  well  as  no 
correction  are  used  [11].  The  relationship  between  ER  and  image  contrast  can  be  Predicted 

by  using  ER  and  image  contrast  obtained  from  PC  (or  any  5  dB 

rbold  numbers  in  Table  I).  For  example,  the  measured  image  contrast  with  PC  is  19.5  dB. 
&'“o oJrc  alonc’ro PC  and rLer  is 2.5  1/6.8  =  3.7  — 

5  7  dB  Thus  the  predicted  image  contrast  is  19.5  dB  +  5.7  dB  -  25.2  dB  wmcn  close  y 
agrees  with  the  meLured  value  25.4  dB.  The  third  row  of  Table  I  lists  the  predicted  image 
cLtrast  based  on  the  measured  ER.  The  predicted  values  are  in  reasonably  good  agreement 
with  the  measured  values  except  for  the  pair  without  correction.  The  reason  is  due  to  eR 
measurement  error  in  images  without  correction.  For  some  severely  distorted  images,  it 
often  difficult  to  identify  the  mainlobe  region. 

At  100  mm  depth  ER  after  PC  reaches  85%  which  corresponds  to  14.0  dB  image 
contrast.  Therefore,  PC,  the  best  linear  phase  correction  procedure  at  the  apermre,  is  likely 
rSt  in  only  -14  dB  image  contrast  at  this  depth.  ER  “  “  ^SA 

324.3%  which  corresponds  to  only  -'8.4  dB  image  contrast.  ER  after 
reaches  22%  ,  which  provides  ~20. 1  dB  image  contrast.  ER  after  TDC  reaches  o  , 
which  offers  only  -11.8  dB  image  contrast. 

The  data  used  to  test  the  analysis  developed  in  Section  II  are  sparse;  nevertheless 
they  do  provide  information  for  designers  of  next  generation  high  quality  breast  scanners. 


V.  DISCUSSION 

A.  Application  to  Diffuse  Scattering  Medium 

The  compression  operation  upon  wavefront  amplitude,  in  addition  to  phase 
deaberration  or  BPT,  introduced  in  the  paper  is  applicable  to  a  diffuse  scattering  medium. 
Experiments  with  TDC  and  rooter  and  TDC  alone  show  that  ER  can  be  reduced  fr^  44.2% 
to  28.6%,  the  ratio  of  which  indicates  1.3  dB  improvement  in  image  contrast.  Howler, 
experiments  with  PC  and  rooter  and  PC  alone  show  that  ER  can  be  reduced  from  25.1%  to 
6.8%  which  is  about  6  dB  improvement  in  image  contrast.  The  large  difference  is  due  to 
the  fact  that  PC  corrects  phase  in  every  signal  spectrum  while  TDC  makes  single  corrertion 
which  applies  to  all  frequencies.  The  consequence  is  that  TDC  leaves  significant  phase 
residual  Therefore,  to  successfully  improve  image  contrast,  good  phase  deaberration  is  the 
first  crucial  step  to  reduce  ER,  and  followed  by  amplitude  compression  such  as  rooter. 

B.  Application  to  Coherent  Interference  upon  Pulse-echo  Imaging  . 

High  resolution,  high  dynamic  range  breast  imaging  implies  seeing  a  black  cyst  bU 
dB  weaker  than  a  bright  speckled  target.  In  this  paper,  we  show  that  30  dB  image  contrast 
on  reception  is  obtainable  by  taking  low  order  rooters  provided  that  phase  error  is 
completed  compensated.  In  pulse  echo,  refracted  energy  from  the  targets  insonified  by  the 
subbeam  will  arrive  at  angles  of  1  -  3®  from  the  target  direction  [1 1]  therefore  in  the 
sidelobe  region  of  array.  The  sidelobe  level  of  the  receiving  beam  will  be  -  -30  dB.  I  he 
average  level  of  refracted  multipath  is  found  to  be  -10  dB  relative  to  the  target  image  [11] 
and  therefore  the  average  multipath  signal  level  entering  the  system  is  -  (10+30)  dB  =  -40 
dB  below  the  echo  strength  of  the  illuminated  target.  Cancellation  algorithms  [16-17]  must 
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suppress  these  multipath  signals  to  achieve  60  dB  contrast  resolution.  Hence  about  20  dB 
further  cancellation  is  required. 


VI.  CONCLUSIONS 

We  conclude,  through  analysis  and  experiment,  that  1)  matched  filtering 
compensation  algorithms  while  optimal  for  detection  are  not  suitable  for  imaging  in 
distributed  scattering,  because  the  algorithms  increase  wavefront  amplitude  variance  and 
therefore  decrease  image  contrast;  and  2)  low  order  rooters  upon  wavefront  amplitude,  akin 
to  inverse  filtering,  in  addition  to  phase  deaberration  can  significantly  improve  image 
contrast  without  encounter  stability  problem.  Further  study  is  needed  to  optimize  the 
required  degree  of  compression  as  a  function  of  SNR  and  image  contrast. 

Incoherent  scattering  and  coherent  multipath  affect  an  image  differently.  Scattering 
reduces  target  strength,  broadens  the  image  lobe  and  increases  background  level  while 
refraction  creates  coherent  multipath  interference  which  produces  false  targets  or  image 
artifacts.  Adaptive  compensation  algorithms  developed  so  far  are  useful  to  partially  remove 
the  scattered  energy  and  coherently  add  it  back  to  the  coherent  image.  The  result  is  the 
improvement  of  both  lateral  and  contrast  resolution  to  a  large  extent.  The  ratio  of  image  lobe 
to  artifacts  is  also  improved  because  of  the  strengthening  of  the  coherent  filed  by 
descattering  processes. 
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APPENDIX 

Let  s{u)  represent  the  complex  angular  source  distribution,  where  u  =  sin(d)  and  6 
is  the  angle  from  the  array  normal.  Its  complex  radiation  field  in  the  axis  of  the  receiving 
array  in  a  homogeneous  medium  is  the  inverse  Fresnel  transform  of  s(u)  or  inverse  Fourier 
transform  of  s(u)  after  correcting  for  near-field  curvature  and  is  denoted  as  E^ix).  In  an 
inhomogeneous  medium,  the  radiation  field  is  i(x)  =  aW{x)EQ{x)M{x)  where  wCx)  is  the 
aperture  weighting  function,  M{x)=  AfCxp(j(l>j)  is  the  medium  induced  distortion  and  a  is 
a  constant  to  reflect  any  signal  loss.  The  complex  image  is 

'siiu)  =  aE[W(x)E^(x)Mix)]  =  af{u)*s{uyE{M{x))  (1) 

where  E{M{x))=jX{u)  is  the  angular  impulse  response  of  the  medium.  F  denotes  Fourier 
transform.  The  subscript  i  denotes  inhomogeneous  medium.  For  a  =  l  and  M{x)  =  \, 
the  complex  image  eorresponds  to  the  image  in  homogeneous  medium  and  is  denoted  as 

A 

Sh{u). 
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The  derivation  is  made  with  discrete  rather  than  continuous  variables.  Thus  x  is 

replaced  byn=l,  2, . N,  where  N  =  number  of  elements  in  the  array.  The  following 

assumptions  are  made; 

1.  Medium  induced  amplitude  and  phase  errors  are  uncorrelated. 

2.  The  phase  errors  of  0f(n),  n=l,  2, . TV,  are  statistically  uncorrelated 

random  variables  with  a  common  probability  density  function  (pdf). 

3.  The  amplitude  errors  of  Af{n),  n=l,  2, . N,  are  statistically  uncorrelated 

random  variables  with  a  common  pdf. 

A 

The  complex  image  si(u)  can  be  written  as 

Si  =  aF[E(j{n)Af(n)]  =  a2jEo(n)At(n)exp{jlcndu) 

n=l 

where  the  aperture  taper  W{n)  has  been  chosen  as  unity. 

The  image  intensity  is  the  product  of  (2)  and  its  complex  conjugate: 

A  A*  ^  ^ 

si(u)si  (u)  =  (n)El  (m)A,(n)A;(m)exp(y((^f  (n)  -  (m)))exp(7l(n  -  m)du) 

n=lm=l 

N 

=  a^{J^E^in)El(n)Af(n)  + 

n=m 

N 

'^Eoin)El{m)At(n)At(m)txp(j(<t)fin)  -  ^,(m)))exp(;A:(n  -  m)du)} 
n^m 

The  average  intensity  is 

A  ^  *  - 

Si(u)si  (u)  =  a^{  '^Eg(n)El(n)Af(n)  + 


(2) 


(3) 


n=m 

N  ^ _ 

n^m 

=  a^{'^E„(n)Elin)i(jl  +  (4)^)  +  (n)El(m)(A^f  exp(j(0,  f  exp(7l(n  -  m)du)}  (4) 

n=m  n^m 

where  Af(n)A,(m)  =  A,(n)A,(m)  =  and 

cxp(j<l>f{n))expi-j^tim))  =  exp(7^((n))exp(-;^&f(m))  =  exp(;^f)^  because  of  the 
assumptions  2  and  3,  respectively. 


(u)  =  a^{  '^Eoin)El(n)i(j\)+  2Eo(n)£*(n)(l-exp(;(<^;)^)(A,)^ 

n=m  n=m 

_ N  N 

+A;^exp(7(<A;r  ss  Eo{n)EQ  {m)Qxp{jk{n  -  m)du)} 

n=lm=l 


(5) 


The  term  Af^exp(7(0;)^  '^E0(n)El(n)  is  added  to  the  second  term  of  (4)  resulting  in  the 

n=m 

third  term  of  (5).  The  same  term  is  subtracted  from  (4)  resulting  in  the  second  term  of  (5). 
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(6) 


'li{u)'li{u)=^a'^{  ^E^{n)El{n){G\)+  %E^{n)El{n){\-^xvUm^)W'^ 

n-m  n-m 

_2 _ 2^ 

+(A,)  expCyX^j)  sh{u)sh(u)} 


Integration  with  respect  to  u  on  both  side  of  eq.  (6)  yields 
_  _ 

» /\  /\  » /\  /\ 

J  si(u)si  (u)du  +  I  si{u)si  (u)du 

mainlobe  sidelobe 

N  N 

=  a^{  j  [  Y,Eo{n)ElmG\)+  2j5o(«)4(«)a-exp(7(0fr)(4)2]^/M 

mainlobe 

r-, _ 2^ 

+  J(A;)  exp(7(<^/)  sh(u)sh(u)du 

mainlobe 

N  N  _  _ 

+a^{  j  ['ZEo(n)El(n){G%)+  X^oWo(«)a-expOX</>f)  )(4)^]^« 

sidelobe  n=m  n=m 

* 

+  J(A;)  exp(7X0^)  Shiu)sh(u)du} 

sidelobe 


(7) 


energy  —  outside  —  mainlobe 
energy  -  inside  -  mainlobe 


N 


J  '^E(,in)El(n)du}{GA^  +  (1  - expCjX^^r rM,  } 

-  sideloben=m _ 

“  ^ 

»  - 2 - 2^ 

J(Af)  expOX^r))  sh(u)sh(u)du 

mainlobe 


where  j(A,)^exp(j{<p,f  Sh(u)sh(u)du  is  small  compared  with  the  rest  of  the  sidelobe 

sidelobe 

terms  and  is  droped  from  the  numerator  and 

N  N  _  _ 

J  [J^E^in)El(n){G%)+  J^E^{n)El(n){l-expU((l>t))i^f]du.  is  small 

mainlobe  n=m  n=m 

compared  with  another  mainlobe  term  and  is  droped  from  the  denominator.  Since  A^  is 
close  to  unity  and  exp(7X^f)is  also  close  to  unity  when  the  phase  error  is  moderate, 

9  - : - 2 

therefore  the  right  side  of  (8)  is  C{(T^^ +(1 -exp^X^f)  )}.  where 


(8) 
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N 

J  Y^Eo{n)El{n)du 

C  =  ^ideloben=m - - - which  is  related  to  the  source  properties  only.  When  the 

I*  A  A 

\sh{u)sh{u)du 

mainlobe 

- 2  2  2  2 

phase  error  is  moderate,  1  -  exp(7(0/)  ~  0"^^  and  ER  ~  C{(7^^  +  }• 
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Table  I. 


Table  I  Relation  of  ER  and  image  contrast  (predicted  and  measured) 

w/oCorr.  TDC  PC  Wideband  DSA  BPT  PC  BPT  PC 

&square  rooter  &square  rooter  &fourth  rooter 


ER  214.7% 

44.2% 

25.1% 

103.5% 

12.8% 

6.8% 

3.7% 

2.1% 

Image  Contrast 
measured  4.2  (dB) 

19 

19.5 

14.8 

24.0 

25.4 

29.4 

31.1 

predicted  10.2  (dB) 

17 

19.5 

13.3 

22.4 

25.2 

27.8 

30.3 

FIGURES 


®  0 

transmitter  4^  Oq 


weak  scattering  strong  scattering 
Region  region 

*  I  i  h 


Figure  1.  Approximate  behavior  of  the  coherent  intensity  Ic  and  the  incoherent  intensity  Ij. 


(a)  (b) 

Fig. 2.  Angular  source  intensity  distribution.  Statistical  model,  (a)  Before  phase 
deaberration  showing  reduced  coherent  spectrum  and  of  incoherent  spectrum,  (b)  After 
phase  deaberration. 
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Fig. 3  The  field  is  the  product  of  contributions  from  each  layer.  Wavefront  amplitude 
fluctuation  increases  as  wave  propagates. 


Coherent  spectrum  L 

I  ^  Incoherent  spectrum  { 

.  due  to  wavefront  amphtude  'A 

;^k>iand  phase  distortions  Ac 


.Coherent  spectrum 

Incoherent  spectrum 
i  due  to  wavefront  amplitude 
^  and  residual  phase  distortions 


Fig .4.  Statistical  models  of  angular  source  intensity  distribution,  (a)  Before  phase 
correction,  (b)  After  phase  correction. 
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(a)  -6dB  (water) 


(b)  -6  dB  (brs005) 


(c)  -20  dB  (brs005) 

Fig.7.  2-D  contour  maps  of  point  source  images,  (a)  water  data  showing  diffraction 
pattern  of  system.  Outer  contour  is  -6  dB  level,  (b)  measured  through  the  3.5-cm 
tissue  (brsOOS),  showing  asymmetric  scattering  effect.  Outer  contour  is  -6  dB  level,  (c) 
Image  brs005  at  -20  dB  contour  level.  The  outer  contour  shows  symmetrical  scattering 
pattern.  No  distinct  structure  or  multipath  is  observed.  Note  the  change  of  scale  from 
(a)  and  (b). 
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22 


(a)  - 10  dB  (water)  (b)  - 10  dB  (brs006) 


(c)  -16  dB  (brs006) 

Fig.  11.  2-D  contour  maps  of  point  source  images,  (a)  water  data  showing  diffraction 
pattern  of  system.  Outer  contour  is  -10  dB  level,  (b)  measured  through  the  4-cm  tissue 
(brs006),  showing  highly  asymmetric  interference  pattern.  Outer  contour  is  -10  dB 
level,  (c)  Image  brs006  at  -16  dB  contour  level.  The  outer  contour  shows  more 
symmetrical  scattering  pattern.  Note  the  change  of  scale  from  (a)  and  (b). 


(a)  (b) 

Fig.  12.  (a)  45  degree  cuts  of  2-D  images  (a)  water,  (b)  brs006. 
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TDC  at  -  16  dB 


TDC  at  -25  dB 


(d) 


(f) 


BPT  at  -30  dB 


PC  and  square  rooter 
at  -30  dB 


(h) 


Fig.  13.  Distortion  corrected  contour  maps  of  the  sample  image  brs006  (see  Fig.l  1  (b)  and 
(c)  for  comparision)  (a)  TDC  at  -16  dB  level,  (b)  TDC  at  -25  dB  level  and  (c)  TDC  at  -30 
dB  level,  (d)  PC  at  -30  dB  level,  (e)  BPT  at  -30  dB.  (f)  PC  and  square  rooter  at  -30  dB. 
(g)  PC  and  fourth  rooter  at  -30  dB.  Wideband  DSA  at  -16  dB.  Artifacts  are  5  dB  higher 
than  time-delayed  correction  shown  in  Fig.8(a). 


I 


amplitude  variance 

Fig.  14.  Linear  regression  plots  of  ER,  after  wideband  DSA  (upper),  phase  conjugation 
(middle)  and  phase  conjugation  &  square  rooter  (bottom),  vs.  wavefront  amplitude 
variance. 
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» 


propagation  deph  (mm) 

Fig.  15.  Linear  regression  plots  of  ER  vs.  propagation  depth  obtained  from  without 
correction  (solid  circle),  wideband  DSA  (circle),  TDC  (solid  square),  PC  (triangle)  and  PC 
and  rooter  (solid  triangle).  The  correlation  coefficients  are  give  by  R.  One  outlier  was 
removed  from  (a). 


26 


Appendix  B 


submit  to  IEEE  UEFC 
January  1996 
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ABSTRACT -  There  are  two  wavefront  distortion  problems  inside  the  female  breast 

that  are  caused  by  aberration  sources  of  two  distinct  types,  incoherent  scattering  and 
coherent  interference.  Scattering  reduces  the  target  strength,  broadens  the  image  lobe  and 
raises  the  background  level  arid  therefore  lowers  the  image  contrast,  while  refraction  creates 
coherent  multipath  interference  that  produces  false  targets  or  image  artifacts  in  addition  to 
true  targets  in  the  image.  Scattered  energy  increases  with  the  propagation  depth  while 
refracted  energy  does  not  seem  to  change  with  the  depth.  Phase  deaberration  algorithms 
partially  remove  scattered  energy  and  coherently  add  it  back  to  the  primary  field.  As  a 
result,  the  mainlobe  diffraction  shape  is  restored  to  -19.4  dB  (std.  2.5  dB)  level  on  average 
with  a  net  15  dB(std.  3  dB)  improvement  compared  with  that  without  correction.  Because 
of  the  strengthening  of  the  primary  field  and  consequently  the  target  strength  by  the  phase- 
deaberration  process,  the  ratio  of  peak  image  artifact  to  target  strength  is  also  improved  by 
an  average  of  10  dB  (std.  4dB)  from  breast  samples  that  have  well-defined  multipath 
artifacts.  Backpropagation  in  addition  to  phase  deaberration  can  further  strengthen  the 
primary  field  and  improve  the  above  numbers  by  another  5  dB.  A  compression  operation 
upon  wavefront  amplitude,  akin  to  inverse  filtering,  in  addition  to  phase  deaberration  or  to 
backpropagation  and  phase  deaberration,  can  further  restore  the  mainlobe  diffraction  shape 


to  the  -30  dB  region.  Linear  regression  analysis  of  sidelobe  energy  vs.  propagation  depth 
indicates  that  high  quality  focusing  with  ~  25  dB  contrast  resolution  throughout  10  cm  thick 
breast  tissue  is  possible. 


I.  INTRODUCTION 

Adaptive  compensation  of  wavefront  distortion  induced  by  tissue  inhomogeneity  is 
an  active  area  of  current  research.  Basic  phase  deaberration  algorithms  are  recognized  to  be 
suitable  only  for  weak  scattering  that  can  be  modeled  as  a  thin  random  phase  screen  located 
in  the  plane  of  the  receiving  aperture  [1-3].  Extentions  of  the  basic  algorithms  have  been 
made  to  correct  amplitude  distortion  in  addition  to  phase  distortion  caused  by  strong 
scattering  or  distributed  scattering  [4-5].  However,  it  is  shown  analytically  in  [6]  and 
experimentally  in  this  paper  that  algorithms  that  take  amplitude  distortion  into  account  can 
further  improve  contrast  resolution  than  phase  deaberration  algorithms  only  if  the 
algorithms  reduce  wavefront  amplitude  variance. 

Consider  complex  signal  vectors  Sq  and  S  received  at  an  array  in  the  absense  and 
presense  of  distortion,  respectively.  (Sq  and  S  are  functions  of  position  in  the  array  which 
is  identified  by  element  number.)  The  multiplicative  distortion  Aexp(j  (j))  is  the  ratio  of  S  to 
Sq.  Fig.  1  shows  such  a  distortion  vector  f  for  some  instantaneous  sample  of  the  radiation 
field.  The  optimum  compensation  transformation  is  the  right-most  one  which  carries  the 
distortion  component  of  the  complex  sample  to  the  intersection  of  the  x-axis  and  the  unit 
circle,  for  then  both  amplitude  and  phase  are  corrected.  The  left-most  transformation  is 
matched  filtering  (MF)  which  squares  the  amplitude  and  conjugates  the  phase.  MF  is 
theoretically  optimum  for  maximizing  SNR  on  a  white,  Gaussian  channel.  It  is  an 
optimum  solution  for  detection  (radar)  but  not  so  when  fidelity  is  an  important  criterion,  as 
in  imaging.  But  it  does  satisfy  the  requirement  for  phase  correction.  Examples  of  MF 
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algorithims  are  Dominant  Scatterer  Algorithm  (DSA)  [7]  and  Time  Reversal  Mirror  (TRM) 
[4].  We  should  expect  that  MF  algorithims  are  useful  when  wavefront  distortion  resides 
principally  in  phase,  with  amplitude  relatively  unaffected.  Otherwise  MF  algorithims 
would  be  less  effective  than  if  amplitude  were  ignored  and  phase  only  were  corrected.  By 
squaring  the  wavefront  amplitude,  the  MF  algorithms  increase  amplitude  variance  which 
contributes  to  the  increase  of  energy  in  the  sidelobe  region  [6]. 

This  is  what  happens  when  a  phantom  consisting  of  a  random  phase  screen  is 
placed  at  a  receiving  transducer.  The  element  signal  samples  are  correct  in  amplitude  and 
distorted  only  in  phase  by  a  random  additive  component.  Phase  aberration  correction 
(PAC),  consisting  of  phase  conjugation  (PC),  is  then  the  optimum  compensator.  The 
signal  amplitude  is  unchanged  and  phase  error  is  completely  compensated  by  conjugation. 
This  operator  is  represented  by  the  2nd  (from  the  left)  transformation.  Time  delay 
compensation  (TDC)  [1-3]  is  in  the  same  class. 

The  right-most  transformation  which  corrects  both  amplitude  and  phase  is  the 
inverse  filter  (IF).  It  is  theoretically  ideal  for  fidelity  but  has  drawbacks.  Because  the  IF 
adjusts  the  channel  gain  to  be  the  reciprocal  of  the  signal  strength,  at  points  in  the  receiving 
aperture  where  signal  strength  is  weak  the  enhanced  channel  gain  raises  the  noise  to  the 
point  where  SNR  can  be  impaired.  This  is  particularly  troublesome  when  there  is  coherent 
refractive  interference  in  the  receiving  array.  A  second  potential  problem,  which  we  have 
avoided  by  not  working  to  close  to  the  IF  point,  is  that  an  IF  is  unstable  when  the  distorting 
medium  has  zeroes  in  the  complex  plane.  Thus  the  right-most  transformation  carries  the 
correction  too  far. 

The  complex  weights  of  MF,  PC  and  IF  are,  respectively.  A,  1  and  A‘l,  each 
multiplied  by  exp(-j  0).  The  signal  after  weighting  is  A^,  A  and  1.  The  first  and  last  are 
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far  from  optimum  for  the  reasons  given.  The  3rd  from  the  left  transformation  is  a 
compromise.  The  correction  vector  is  A'l^2exp(-j  0).  The  signal  after  weighting  is  A  1^2 
(called  later  the  square  rooter  or  rooter).  Another  transformation  to  the  right  of  the  square 
rooter  is  fourth  rooter  (signal  amplitude  is  A^''^  after  weighting).  In  general,  the  correction 
vector  is  A"('^‘l)^exp(-j  and  signal  amplitude  is  A^^  after  transformation  of  the  Mth 
rooter.  In  Section  III,  we  demonstrate  that  low  order  rooters  (square  rooter  and  fourth 
rooter),  in  addition  to  phase  deaberration  at  the  aperture,  can  significantly  improve  contrast 
resolution  without  encountering  stability  problem. 

Backpropagating  the  received  wavefront  to  an  optimal  backpropagation  distance  and 
performing  phase  deaberration  at  this  optimal  distance  (BPT)  [5]  provides  first  order 
correction  of  wavefront  amplitude  distortion  due  to  propagation  from  the  backpropagation 
distance  to  the  receiving  aperture  and  therefore  performs  better  than  phase  deaberration  at  the 
aperture.  In  Section  III,  we  demonstrate  experimentally  that  BPT  transformation  is 
somewhere  to  the  right  of  TDC  and  PC  and  left  of  PC  and  rooter.  We  also  demonstrate  that 
square  rooter  in  addition  to  BPT  can  significantly  improve  the  performance  of  BPT. 

The  rooter  transformation  upon  wavefront  amplitude  is  a  nonlinear  compression 
operation  (Fig.2).  The  detailed  evaluation  of  the  effects  of  this  operation  upon  image  can  be 
performed  by  studying  the  amplitude  distributions  of  images  before  and  after  the  operation. 
This  is  a  subject  of  a  later  study. 


II.  METHODS 

A.  In  Vitro  Measurement 

The  2-D  wavefront  measurement  system  and  procedure  were  described  in  detail  in 
[8]  and  are  summarized  here  for  convenience.  A  breast  tissue  specimen  was  placed  in  the 
specimen  holder  with  the  skin  facing  the  direction  of  the  receiving  transducer.  The  source 
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was  a  hemispherical  transducer  emulating  a  virtual  point  source.  The  2-D  array  consisted  of 
a  92-mm  1-D  linear  array  translated  46  mm  perpendicular  to  its  axis  to  form  a  synthetic  2-D 
array  92  mm  x  46  mm.  The  element  pitch  in  the  receiving  transducer  was  0.72  mm  and  a 
reflecting  mask  reduced  the  receiving  elevation  to  1.44  mm.  Transmission  was  one-way. 
Frequency  was  3.7  MHz.  Bandwidth  was  2  MHz.  Waveforms  were  measured  at  each 
element,  from  which  2-D  wavefronts  were  reconstructed  as  functions  of  time. 

Breast  tissue  specimens  were  obtained  fresh  from  reduction  mammoplasty  surgery 
and  were  stored  frozen;  they  were  later  defrosted  and  degassed  for  the  experiments.  Each 
specimen  was  essentially  planar  and  had  a  surface  area  of  at  least  7x1  Icm^.  The  average 
thickness  was  26.9  mm.  The  tissue  donors  were  women  ranging  in  age  from  18  to  65  with 
a  mean  age  of  34  years. 

Three  groups  of  measurements  were  made.  The  primary  set  consisted  of 
independent  measurements  using  nine  different  specimens.  In  addition,  two  specimens 
were  employed  for  sequential  measurements  in  which  an  approximately  1-cm  layer  was 
removed  from  the  bottom  of  the  specimen  before  each  subsequent  measurement.  For  three 
other  specimens,  a  pair  of  measurements  was  made  with  the  source  in  each  of  two  positions 
located  12  mm  apart  in  the  array  direction.  A  total  of  16  measurements  were  made.  Water 
measurement  was  also  made  for  comparison.  In  the  following  analysis,  the  sequential 
measurements  were  treated  as  measurements  from  different  samples  because  the  samples 
resulting  from  approximately  1-cm  removal  from  the  original  samples  were  replaced  into  the 
sample  holder  after  cutting,  and  their  relative  positions  to  the  2-D  transducer  aperture 
changed  unpredictably.  The  pair  measurements  resulting  from  12  mm  lateral  source 
translation  were  also  treated  as  measurements  from  different  samples  because  the  measured 
parameters  and  the  point-source  image  properties  were  changed  due  to  the  highly 
inhomogeneous  nature  of  the  breast  tissue. 
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B.  Data  Processing 

Pulse  arrival  time  at  each  element  was  calculated  by  using  a  differential  edge  detector 
to  locate  the  first  negative  peak  of  the  pulse.  Geometric  effects  were  removed  by  fitting  a 
two-dimensional,  fourth-order  polynomial  to  the  calculated  arrival  time  surface  and 
subtracting  the  result.  The  reasons  for  using  fourth-order  polynomial  fitting  were  given  in 
[5].  3-D  image  data  were  calculated  by  (1)  Fourier  decomposition  of  the  temporal 
waveforms  at  each  (x,y)  position  in  the  aperture,  (2)  calculation  of  a  complex  CW  2-D 
image  at  each  Fourier  frequency  in  the  focal  plane  by  using  the  angular  spectrum  technique 
[18],  and  (3)  summation  of  the  2-D  images  to  form  the  3-D  transient  image.  The  final  2-D 
image  used  in  this  report  was  obtained  by  detecting  the  peak  pressure  value  at  each  (xf,yf ) 
position  in  the  image  plane  within  the  transient  period.  Contour  maps  of  2-D  point  source 
images  at  different  thresholds  are  used  to  quantitatively  evaluate  image  quality. 

Before  Fourier  decomposition,  the  received  pulse  at  each  element  was  temporally 
weighted  by  a  10-point  cosine  taper  over  the  trailing  10  points  of  a  40-point  time  window 
that  contained  the  main  arrival  pulse.  The  original  40-point  interval  was  padded  with  zeros 
to  a  128-point  inverval. 

In  step  (1),  a  frequency  range  (0.31  -  6.25  MHz  )  that  contained  most  of  the  signal 
energy  was  chosen.  This  range  corresponds  to  the  3rd  through  41st  harmonic  of  the  FFT  of 
a  signal  sampled  at  20  MHz  over  a  6.4  |j,s  interval  containing  128  points. 

In  step  (2),  the  complex  signals  in  the  128  x  32  spatial  aperture  were  zero  padded 
symmtrically  to  256  x  64  before  each  harmonic  component  in  the  2-D  aperture  was  focused 

in  the  image  plane  via  the  angular  spectrum  technique.  Spatial  raised  cosine  taper  was 
employed.  The  system  bandwidth  is  about  50%;  therefore  Q  =  —  »  2,  where  /q  is  the 
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central  frequency.  For  such  Q,  the  first  sidelobes  (due  to  finite  aperture  size)  in  both 
principal  axes  remain  [9],  and  are  reduced  to  about  -30  dB  level  by  employing  the  raised 
cosine  taper  [10]. 

C.  Correction  Methods 

Two  basic  phase  deaberration  algorithms,  time-delay  compensation  (TDC)  and 
phase  conjugation  (PC),  and  two  wavefront  compensation  algorithms,  wideband  DSA  and 
BPT,  were  applied  to  each  measured  2-D  wavefront  set  and  their  effects  upon  focusing  were 
compared.  Square  rooter  and  fourth  rooter  on  wavefront  amplitude  in  addition  to  PC  and 
square  rooter  in  addition  to  BPT  were  also  implemented  and  their  effects  upon  focusing 
were  compared  with  the  other  four  deaberration  algorithms. 

TDC:  An  arrival  time  fluctuation  profile  at  the  aperture  is  calculated  in  three  steps. 
Step  1:  A  reference  waveform  with  good  signal-to-noise  ratio  is  first  selected  from 
geometrically  corrected  waveforms.  The  selected  waveform  is  continuously  modified  to 
reduce  the  effect  of  the  arbitrariness  in  the  initial  selection  as  waveforms  in  the  aperture  are 
cross-correlated  with  it.  The  modification  is  accomplished  by  time-shifting  and  adding  a 
new  waveform  to  the  reference  pulse  if  the  peak  value  of  the  correlation  function  between 
the  new  waveform  and  the  current  reference  waveform  is  greater  than  0.8.  The  average  total 
number  of  waveforms  that  are  incorporated  into  the  final  reference  waveform  selection  is 
2690  (std.  391),  which  accounts  for  66%  (9.5%)  of  the  total  pulses.  The  average  is 
calculated  upon  a  total  of  16  in  vitro  samples.  This  selection  procedure  is  similar  to  the  one 
developed  in  [5]. 

Step  2:  The  arrival  time  fluctuation  profile  is  first  calculated  from  cross-correlation  peaks  of 
geometrically  corrected  waveforms  and  the  reference  waveform  when  the  peak  values  of  the 
correlation  function  between  the  waveforms  and  the  reference  waveform  are  greater  than 
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0.7.  At  this  step,  the  average  total  number  of  waveforms  that  are  incorporated  into  the 
calculation  of  the  arrival  time  profile  is  3518  (std.  173),  which  accounts  for  86%  (std. 
4.2%)  of  the  total  pulses. 

Step  3:  For  the  bad  waveforms  with  cross-correlation  peaks  less  than  0.7,  the  arrival  time 
fluctuations  at  these  positions  are  calculated  as  follows;  (1)  calculate  cross-correlation  peaks 
between  each  bad  waveform  and  neighbor  waveforms  (within  a  5  by  5  spatial  window)  that 
are  incorporated  in  Step  2;  (2)  select  those  neighbor  waveforms  having  cross-correlation 
peaks,  calculated  in  (1),  greater  than  0.5;  (3)  calculate  the  average  of  arrival  time  fluctuation 
from  arrival  time  differences  between  the  bad  waveform  and  the  selected  neighbor 
waveforms,  and  the  arrival  time  fluctuations  of  the  corresponding  neighbor  positions.  This 
average  is  assigned  to  the  bad  waveform  position.  A  justification  of  this  step  is  that  for 
badly  distorted  waveforms,  they  are  dissimilar  to  the  reference  waveform  to  a  large  extent, 
but  they  are  somehow  similar  to  the  waveforms  in  the  closest  neighborhood  which  are 
reasonably  correlated  with  the  reference  waveform.  After  this  step,  the  average  total  number 
of  pulses  that  are  incorporated  into  the  calculation  of  the  arrival  time  profile  is  3966  (std.  41) 
which  accounts  for  97%  (std.  1%)  of  the  total  pulses. 

For  the  waveforms  that  have  not  been  incorporated  into  the  calculation  of  the  arrival 
time  profile  after  Step  3,  arrival  time  fluctuations  at  these  positions  are  assigned  to  zero. 
The  calculated  average  arrival  time  fluctuation  of  the  entire  16  profiles  is  37.6  ns  with  a  10.5 
ns  standard  deviation. 

Except  for  TDC,  the  following  correction  procedures  were  implemented  upon 
complex  wavefront  at  each  frequency  after  Fourier  decomposition.  The  image  formation 
procedures  after  using  each  correction  method  were  the  same  as  the  procedures  described  in 
part  B  steps  (2)  and  (3). 
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PC:  Let  Af(x,y)exp(j  ^f(x,y))  represent  the  complex  signal  at  each  frequency  after 
Fourier  decomposition,  where  Af  and  are  functions  of  positions  (x,y)  in  the  2-D  array 
and  frequency  f.  The  complex  weight  vector  of  phase  conjugation  is  Wf=exp(-j  ^f)  and  the 
signal  after  weighting  is  Af.  The  image  formation  after  phase  conjugation  is  the  same  as  the 
procedures  described  in  part  B  steps  (2)  and  (3).  Phase  conjugation  at  each  frequency 
within  the  signal  band  (without  amplitude  weight)  provides  perfect  phase  compensation 
except  for  a  2  ;r  phase  jump.  The  result  is  better  than  TDC  because  of  the  removal  of 
residual  phase  error.  The  wavefront  amplitude  distortion  remains,  however.  The  objective 
here  is  to  evaluate  the  limit  of  phase  compensation  and  the  extent  of  the  wavefront 
amplitude  distortion  effect. 

Wideband  DSA:  The  complex  weight  vector  of  DSA  at  each  frequency  is 
Wf=Afexp(-j  0f)  and  the  signal  after  weighting  is  Af^. 

Wideband  DSA  is  an  approximation  of  the  TRM  receive  mode  developed  in  [1 1]. 
The  difference  between  wideband  DSA  and  TRM  receive  mode  is  the  scanning  procedure. 
At  target  position  A  (Fig.  3),  wideband  DSA  and  TRM  receive  mode  produce  exactly  the 
same  responses,  because  of  the  reciprocity  principle.  At  non-target  position  B,  wideband 
DSA  uses  linear  geometry  between  A  and  B  to  scan  the  beam  while  the  TRM  receive  mode 
could  backpropagate  the  wave  to  the  aberrator  position,  and  then  use  linear  geometry  to  scan 
the  beam  [11].  However,  for  points  that  are  within  the  correlation  distance  of  A,  wideband 
DSA  and  the  TRM  receive  mode  should  produce  similar  responses.  The  correlation  distance 
of  the  breast  is  about  4-5  mm  [8],[12], [13-14].  Therefore  within  a  4  -  5  mm  radius,  we 
should  expect  similar  performances  of  wideband  DSA  and  TRM  receive  mode.  The 
objective  of  using  wideband  DSA  here  is  to  evaluate  the  possible  improvement  of 
deaberration  due  to  the  additional  SNR  gain  provided  by  amplitude  weighting. 
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BPT:  BPT  developed  in  [5]  is  implemented  by  backpropagating  the  complex 
wavefront  at  each  frequency  after  Fourier  decomposition  to  the  optimal  distance  and  then 
using  phase  conjugation  at  the  optimal  distance.  The  use  of  phase  conjugation  instead  of 
TDC  at  the  backpropagation  distance  reduces  the  complexity  in  the  calculation.  The 
backpropagation  distances  are  taken  from  [8]. 

Rooters; 

PC  and  square  rooter;  The  weight  vector  of  PC  and  square  rooter  at  each  frequency 
is  wf=Af  ■l/2exp(-j  ^f)  and  the  signal  after  weighting  is 

PC  and  fourth  rooter;  The  weight  vector  at  each  frequency  is  Wf=Af  3/4exp(-j  ^f) 
and  the  signal  after  weighting  is  Af^^4 

BPT  and  square  rooter;  BPT  and  square  rooter  was  implemented  the  same  as  PC 
and  square  rooter  but  the  procedure  was  done  at  the  optimal  back  propagation  distance  after 
backpropaging  each  complex  wavefront  to  the  optimal  distance. 

in.  EXPERIMENTAL  RESULTS 


A.  Correction  of  Scattered  Energy 
1)  Correction  upon  scattering  samples 

Figs.4  (a)  and  (b)  show  -6  dB  contour  plots  of  images  obtained  from  the  water  path 
and  the  3.5-cm  breast  tissue  path  (brsOOS).  Contour  spacing  is  1  dB.  Abscissa  and  ordi¬ 
nate  are  azimuth  and  elevation  in  mm  in  the  image  plane.  Fig.4(a)  shows  the  system  diffrac¬ 
tion  pattern  at  -6  dB.  The  azimuthal  beamwidth  is  about  1.5  mm  (at  a  distance  of  180  mm) 
meaning  that  the  point  (or  lateral)  resolution  is  1.5/180  or  8.3  mrad.  Because  the  size  of  the 
receiving  array  in  elevation  is  half  the  size  in  the  array  direction,  the  width  of  the  image  in 
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elevation  is  twice  as  large  as  in  azimuth.  When  tissue  is  present  (b),  the  image  lobe  is 
broadened.  In  (b)  the  beamwidth  has  grown  from  1.5  mm  to  3  mm  in  azimuth  and  3.1  mm 
to  9.3  mm  in  elevation  and  the  point  resolution  has  worsened  approximately  2:1  in  azimuth 
and  3:1  in  elevation.  A  symmetrical  scattering  pattern  appears  when  the  threshold  is 
reduced.  Fig.4  (c)  shows  a  -20  dB  contour  plot  of  the  sample  image  brsOOS.  Contour 
spacing  is  2  dB.  Energy  is  spread  out  over  a  large  area.  No  distinct  structure  or  multipath 
lobe  can  be  identified  from  the  image. 

Fig. 5  (a)-(g)  shows  the  correction  result  of  the  sample  image  brs005  by  using 

different  methods.  Part  (h)  is  the  -30  dB  level  contour  of  a  water  path  image.  The  contour 

spacings  in  Fig.5  are  the  outer  contour  levels  divided  by  10.  Fig.  5  (a)-(c)  shows  TDC  at 

-6,  -20  and  -30  dB  levels  (see  Fig .4(b)  and  (c)  for  comparison).  Image  quality  improved 

significantly  and  the  system  diffraction  pattern  is  restored  up  to  -20  dB  level.  The 

symmetric  scattering  pattern  outlined  by  outer  contours  at  the  -30  dB  level  is  caused  by 

residual  phase  errors  after  phase  deaberration  and  incoherent  amplitude  distortion.  Fig.5  (d) 

is  the  correction  result  of  PC  at  the  -30  dB  level.  Because  of  the  complete  removal  of  phase 

errors  except  for  a  2  ;r  jump,  the  scattering  pattern  is  further  improved  as  compared  to  (c). 

Fig.  5  (e)  is  the  result  of  BPT,  and  the  scattering  pattern  is  much  better  than  that  of  PC  at  the 

aperture.  The  optimum  backpropagation  distance  of  this  tissue  sample  is  30  mm.  It  is 

interesting  to  note  that  the  beamwidth  is  narrower  than  that  obtained  through  other  methods. 

The  reason  is  that  the  actual  aperture  is  moved  30  mm  closer  to  the  source  and  the 

X  X 

beamwidth  is  (R-optimal  backpropagation  distance)—  instead  of  R— ,  where  R  is  the 

Ij  L 

distance  between  source  and  the  receiving  aperture,  and  L  is  the  aperture  size.  Fig.5  (f)  is 
the  correction  result  of  PC  and  square  rooter  on  wavefront  amplitude  at  -30  dB.  The  pattern 
is  very  close  to  the  system  diffraction  pattern  (see  (h)  for  comparison).  Fig.5(g)  is  the  result 
of  wideband  DSA  at  the  -30  dB  level.  The  correction  result  is  worse  than  those  of  other 
methods  (see  Section  IV). 
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2)  Correction  upon  samples  with  well-defined  multipath 

In  most  breast  samples,  scattering  and  coherent  interference  are  both  present.  Fig.6 
(a)  and  (b)  are  -10  dB  contour  plots  of  images  obtained  from  the  water  path  and  the  4-cm 
breast  tissue  path  (brs006).  Contour  spacing  is  2  dB.  In  tissue  image  (b),  three  lobes 
instead  of  one  central  image  lobe  appear.  Inner  contours  of  the  image  lobe  are  close  to  the 
system  diffraction  pattern  (Fig.6(a))  while  the  outer  contours  are  highly  irregular  due  to 
scattering.  The  point  resolution  is  worsened  by  approximately  2:1  in  azimuth  and  3:1  in 
elevation.  Two  refractive  lobes  appear  at  (-4,  -2.5)  and  (3.5, 1.5),  and  their  strengths  are  -6 
and  -8  dB.  A  closer  examination  is  obtained  from  45  degree  cuts  (Fig.7)  of  the  Fig.6  (a) 
and  (b)  images.  In  Fig.7  (a),  the  peak  sidelobe  is  -36dB,  which  is  the  best  we  can  obtain 
from  the  measurement  system.  In  the  tissue  image,  two  large  sidelobes  (-6  dB  and  -8  dB) 
appear  on  either  side  of  the  mainlobe.  The  two  nulls  between  the  lobes  are  deep  (left :  -13 
dB  below  peak,  right:  -15  dB),  which  is  a  typical  coherent  interference  phenomenon  [15]. 

A  symmetric  scattering  pattern  generally  appears  when  the  threshold  is  reduced,  as 
shown  Fig. 6(c)  with  a  -16  dB  threshold  contour  and  contour  spacings  of  approximately  1.5 
dB.  The  outer  contours  show  a  roughly  symmetric  pattern  typical  of  scattering  while  the 
inner  contours  show  an  asymmetric  lobular  interference  pattern. 

Fig.8  shows  correction  results  of  the  sample  image  brs006  after  applying  different 
methods.  The  contour  spacings  are  the  outer  contour  levels  divided  by  10.  Fig. 8(a)  is  the 
-16  dB  contour  map  of  applying  TDC  (see  Fig.6(c)  for  comparison)).  Image  quality  im¬ 
proved  significantly  because  of  the  minimization  of  the  phasefront  distortion  caused  by 
scattering.  The  area  within  the  -16  dB  inner  contour  is  reduced  by  a  factor  of  11.  The 
mainlobe  pattern  is  close  to  the  system  diffraction  pattern  although  the  area  is  still  1.6  times 
larger  than  the  area  in  water  at  the  same  level.  Two  large  lobes  remain  as  expected  and 
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appear  as  two  additional  sources.  Fig. 8(h)  is  the  correction  result  at  a  -16  dB  level  of 
applying  wideband  DSA.  It  is  evident  that  the  procedure  enhances  interference  in  this 
example;  the  artifacts  are  5  dB  higher  than  in  Fig.8(a).  The  reason  is  given  in  [6]. 
Figs. 8(b)  and  (c)  show  -25  and  -30  dB  contour  plots  of  TDC.  In  Fig.8(b)  the  outer 
contours  show  an  asymmetric  interference  pattern  with  scattered  energy  distributed  around 
the  two  interference  lobes.  In  Fig. 8(c)  the  outer  contours  show  the  more  symmetric  scatter¬ 
ing  pattern  caused  by  incoherent  wavefront  amplitude  distortion  and  residual  phase 
distortion.  Fig.8(d)  is  the  result  of  PC  at  -30  dB.  The  approximately  symmetric  scattering 
pattern  outlined  by  outer  contours  in  (c)  is  improved  due  to  better  phase  deaberration.  The 
energy  is  more  concentrated  around  the  image  lobe  and  interference  lobes.  Part  (e)  is  the 
result  of  BPT,  and  the  scattering  pattern  is  further  improved  as  compared  with  the  result  of 
PC  at  the  aperture.  The  backpropagation  distance  of  this  sample  is  50  mm.  Part  (f)  is  the 
result  of  PC  and  square  rooter  at  -  30  dB.  The  pattern  is  very  close  to  the  system  diffraction 
pattern.  PC  and  fourth  rooter  shown  in  Fig.8(g)  restores  the  diffraction-limited  image  to  a 
-30  dB  level. 

It  is  interesting  to  note  that  the  strengths  of  the  two  interference  lobes  are  also 
reduced  by  8  dB  after  TDC  and  PC.  They  are  further  reduced  by  5, 7  and  15  dB  after  BPT, 
PC  and  square  rooter,  and  PC  and  fourth  rooter,  respectively.  The  improvement  comes 
from  the  scattered  energy  which  is  originally  distributed  around  the  mainlobe  and  each  of  the 
refracted  multipath  lobes.  This  energy  is  coherently  added  back,  by  the  deaberration 
process,  to  the  dominant  lobe,  which  in  this  case  is  the  mainlobe.  The  overall  result  is  an 
improvement  of  the  image  lobe  to  the  interference  lobe  ratio. 

Determination  of  whether  interference  was  coherent  or  scattered  was  based  upon 
whether  or  not  large  lobes  could  be  removed  by  applying  phase-deaberration  algorithms. 
Another  indicator  is  whether  or  not  a  lobe  location  moves  (scattering)  or  remains  relatively 
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the  same  (refraction)  after  the  phase  deaberration  process.  Both  means  were  used  to  identify 
whether  these  lobes  were  produced  by  refraction  or  scattering.  Large  lobes  in  nine  samples 
are  believed  to  be  caused  by  the  interference  process.  In  these  samples,  we  have  found  an 
average  of  a  10  dB  (std.  4dB)  improvement  in  the  range  of  5-16  dB  after  TDC,  due  to  the 
coherent  strengthening  of  the  mainlobe. 

B.  Correction  statistics 

We  analyzed  images  at  different  contour  levels  and  classified  the  total  of  16  samples 
into  three  categories:  1)  Primarily  scatter  (4  samples);  2)  More  scatter  than  refraction  (3 
samples);  and  3)  Scatter  plus  well-defined  refraction  (9  samples).  Statistics  of  -6  dB  point 
resolution  of  three  groups  is  given  in  Table  I.  The  average  beam-broadening  as  compared 
with  water  is  70%  in  azimuth  and  57%  in  elevation.  These  numbers  are  larger  than  the 
result  reported  in  [14]  where  an  18%  increase  in  beamwidth  at  the  same  threshold  is 
observed.  This  is  likely  due  to  the  different  aperture  sizes  used.  For  the  samples  with 
refractive  artifacts,  the  point  resolution  is  evaluated  upon  the  central  image  lobe.  The 
percentage  increase  in  beamwidth  of  the  scatter  group  is  significantly  larger  than  that  of  the 
other  two  groups.  It  is  obvious  that  point  resolution  is  not  enough  to  evaluate  image 
distortion  when  multiple  lobes  are  present.  Statistics  of  refractive  lobes  of  the  third  group  is 
given  in  Table  11.  In  this  group,  we  found  1-3  refractive  lobes  at  levels  between  -4  and  -17 
dB  (peak  value),  all  within  a  radius  of  1-3°. 

A  simple  metric,  the  lowest  level  at  which  mainlobe  diffraction  shape  is  maintained, 
is  used  here  to  quantitatively  evaluate  improvement  upon  image  quality  by  using  different 
correction  algorithms.  The  mainlobe  diffraction  shape  is  identified  when  the  elevation- 
image  width  to  the  horizontal  width  is  approximately  a  2  to  1  ratio  and  the  outermost  image 
contour  has  an  elliptical  shape.  This  metric  is  closely  related  to  contrast  resolution.  For  a 
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simple  scattering  case,  the  measurement  of  this  metric  is  straightforward.  For  a  complicated 
scattering  and  multipath  case,  the  meaningful  measurement  is  the  level  at  which  the  mainlobe 
diffraction  shape  is  maintained  and  is  also  above  any  multipath  artifacts. 

The  average  levels  (std.  dev)  of  the  restored  mainlobe  diffraction  shape  before  and 
after  corrections  of  the  three  groups  classified  earlier  are  given  in  Table  III.  The  mainlobe 
shape  is  restored  up  to  -19.3  (2.4)  and  -19.5  dB(2.6  dB)  by  using  two  phase-deaberration 
algorithms,  TDC  and  PC,  respectively.  The  fact  that  the  correction  result  of  TDC  is  very 
close  to  that  of  PC  suggests  that  the  limit  of  phase  correction  with  respect  to  the  selected 
metric  has  been  achieved  by  TDC.  Further  improvement  requires  correction  algorithms  that 
can  take  wavefront  amplitude  distortion  into  account.  Wideband  DSA  is  able  to  restore  the 
mainlobe  shape  to  -14.8  dB(2.3  dB).  This  result  is  about  5  dB  worse  than  that  of  using  two 
phase-deaberration  algorithms.  The  reason  is  the  increase  of  wavefront  amplitude  variance 
by  squaring  the  amplitude.  Wavefront  amplitude  variance  contributes  to  the  energy  in  the 
sidelobe  region  [6].  BPT  at  an  optimal  backpropagation  distance  improves  the  performance 
of  PC  at  aperture  by  5  dB.  PC  and  square  rooter  on  wavefront  amplitude  restores  the 
mainlobe  diffraction  shape  to  -25.4  dB  (2.6  dB).  The  correction  result  of  BPT  is  similar  to 
PC  and  square  rooter.  PC  and  fourth  rooter  achieves  a  -31.1  dB  (1.7  dB)  level,  which  is 
about  a  12  dB  improvement  more  than  that  of  using  two  phase  deaberration  algorithms. 
This  level  is  very  desirable  for  a  high  quality  ultrasound  echo  scanner.  BPT  and  square 
rooter  at  an  optimal  backpropagation  distance  further  improves  the  BPT  by  another  5  dB. 

The  restored  mainlobe  diffraction  levels  among  different  groups  are  similar  when 
different  correction  methods  are  used.  But  the  improvements  are,  in  general,  6  dB  larger  in 
the  scatter  group  than  that  of  the  other  two  groups  because  the  mainlobe  shape  is  distorted  at 
zero  dB  in  the  scatter  only  group. 
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C.  Depth-dependent  Distortion  and  Correction 

Scattered  energy  increases  with  the  propagation  depth  D.  Using  first  order 
approximation,  it  is  shown  analytically  in  [6]  that  wavefront  amplitude  varianee  ,  and 

phase  variance  or  arrival  time  variance  g]  linearly  increase  with  propagation  depth.  g\^  is 

calculated  as  follows:  1)  calculate  energy  at  each  (x,y)  position  at  the  aperture  by  summing 

up  the  energy  over  the  time  window;  2)  calculate  amplitude  at  each  (x,y)  position  by  taking 

the  square  root  of  the  energy;  3)  calculate  the  reference  amplitude  profile  which  is  the  fourth 

order  polynomial  fit  of  the  measured  amplitude  profile;  and  4)  calculate  normalized 

amplitude  variance  of  the  measured  amplitude  profile  divided  by  the  reference  amplitude 

profile.  The  calculation  of  g\  is  described  in  Section  II.C.  Fig.9  shows  the  linear 

regression  plots  of  log(  g])  and  log(  g\  )  vs.  log(D).  The  eorrelation  coefficients  are  0.55 

'f- 

and  0.74,  respectively.  Two  outliers  are  removed  from  (a).  The  slopes  are  in  the  order  of 
unity.  In  both  plots,  the  linear  relationships  are  statistically  significant*  . 

A  quantitative  measure  of  scattered  energy  at  the  image  plane  is  the  energy  ratio  ER, 

which  is  defined  as  the  energy  outside  the  main  image  lobe  to  the  energy  inside  the  main 

n- 

image  lobe.  It  is  shown  analytieally  in  [6]  that  ER  linearly  grows  with  the  propagation 
distance  D.  ER  is  directly  related  to  image  contrast  and  is  calculated  by  taking  the  ratio  of 
energies  measured  outside  the  mainlobe  region  and  inside  the  mainlobe  region.  The 
mainlobe  region  is  identified  by  linear  extrapolation  between  the  peak  image  value  and  the 
outer  contour  of  the  mainlobe  diffraction  pattern  at  the  lowest  recognizable  level.  Fig.  10 
illustrates  the  measurement  procedure.  Fig.  1 1(a)  upper  curve  is  the  linear  regression  plot 
of  ER  vs.  D  without  correction.  One  outlier  was  removed  from  the  data.  ER  in  water 


The  linear  relationship  is  statistically  significant  ( Ct=0.05)  if  the  correlation  coefficient  is  greater  than 
0.53  for  sample  size  14  and  0.497  for  sample  size  16. 
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image  is  0.088,  which  is  included  in  the  data  points  to  represent  system  performance  at 
zero  depth.  The  correlation  coefficient  is  0.49  and  the  linear  relationship  is  significant. 
The  low  correlation  coefficient  is  due  to  the  difficulty  of  identifying  the  diffraction  pattern 
for  some  severely  distorted  images. 

The  performances  of  descattering  algorithms  deteriorate  with  propagation  depth. 
The  rest  of  the  regression  curves  in  Fig.  1 1  (a)  show  ER  vs.  propagation  depth  obtained  by 
using  five  different  correction  methods.  ERs  in  water  image  after  using  different  correction 
methods  are  included  into  the  corresponding  data  to  represent  the  calibrated  ERs  at  zero 
depth.  The  correlation  coefficients  of  regression  curves  are  indicated  in  the  figure  by  R. 
The  average  values  of  ER  (std.  dev.)  are  given  in  Table  IV.  The  linear  relationships  are 
statistically  significant  for  all  curves. 

The  performance  of  wideband  DSA  is  the  worst  among  all  correction  procedures. 
Data  sets  of  wideband  DSA,  PC  and  PC  and  rooter  are  clearly  separated  with  averages 
103%  (std.  33.9%),  25%  (6.9%)  and  6.8%  (1.6%),  respectively.  The  ER  ratios  of 
wideband  DSA  and  PC,  and  PC  and  PC  and  rooter  are  4.1  and  3.7,  respectively.  These 
results  agree  very  well  with  the  factor  of  4  prediction  given  by  analysis  in  [1 1].  At  100  mm 
depth,  ER  after  PC  reaches  0.85,  which  is  in  the  neighborhood  of  the  average  ER  with 
DSA  correction  at  the  average  2.7  cm  propagation  depth.  Therefore,  the  best  linear  phase 
correction  procedure  at  the  aperture  is  likely  to  result  in  only  15  dB  image  contrast  at  this 
depth.  The  average  ER  after  TDC  is  19%  more  than  that  of  PC  while  the  averages  of  the 
lowest  level  at  which  mainlobe  diffraction  shape  is  maintained  are  the  same  when  TDC  and 
PC  are  used.  This  implies  that  the  residual  phase  error  due  to  imperfect  phase  correction 
contributes  primarily  to  energy  in  the  sidelobe  lobe  region.  BPT  reduces  the  average  ER  by 
12.2%  below  that  of  PC  and  is  the  best  among  the  linear  operations.  The  performance  of 
PC  and  square  rooter  at  the  aperture  is  slightly  better  than  that  of  BPT.  At  100  mm,  the  PC 
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and  rooter  curve  reaches  0.22  which  is  about  the  average  ER  level  of  PC.  The  BPT  curve 
reaches  0.38,  which  is  about  the  average  ER  of  TDC.  These  energy  ratios  are  useful  to 
provide  image  contrast  of  ~20  dB. 

Fig.  1 1  (b)  shows  the  results  of  ER  by  using  BPT  and  square  rooter  and  PC  and 
fourth  rooter  at  the  aperture.  Regression  curves  obtained  from  PC  and  square  rooter  and 
BPT  are  also  included  in  (b)  for  comparison.  At  100  mm  depth,  the  regression  curves  of 
BPT  and  square  rooter  and  PC  and  fourth  rooter  reach  10.6%  and  5%,  respectively.  These 
ERs  are  about  the  average  levels  of  BPT  and  PC  and  square  rooter  obtained  from  the 
average  2.7  cm  propagation  depth  (see  Table  IV).  The  result  indicates  that  focusing  with 
image  contrast  of  ~25  dB  throughout  the  100  mm  propagation  depth  is  achievable  by  taking 
the  low  order  root  on  wavefront  amplitude  in  addition  to  phase  deaberration  at  the  aperture 
or  in  addition  to  BPT. 

Image  contrast,  the  lowest  level  of  the  mainlobe  diffraction  shape,  increases 
monotonically  with  ER  .  The  relation  of  the  two  can  be  predicted  by  using  ER  and  image 
contrast  obtained  with  PC  (or  any  correction  method)  as  base  line  (bold  numbers  in  Table 
V).  For  example,  the  measured  image  contrast  with  PC  is  19.5  dB.  The  ER  ratio  of  PC 
alone  to  PC  and  rooter  is  2.51/6.8  =  3.7,  corresponding  to  increase  of  5.7  dB.  Thus  the 
predicted  image  contrast  is  19.5  dB  =  5.7  dB  =  25.2  dB  which  closely  agrees  with  the 
measured  value  -25.4  dB.  Table  V  lists  the  measured  ER  (first  row),  predicted  image 
contrast  from  the  measured  ER  (second  row)  and  the  measured  image  contrast  (third  row). 
The  predicted  and  measured  image  contrasts  are  in  reasonably  good  agreement  except  for  the 
pair  without  correction.  The  reason  is  due  to  ER  measurement  error  in  images  without 
correction.  For  some  severly  distorted  images,  it  is  often  difficult  to  identify  the  mainlobe 
region. 
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Refracted  energy  exhibits  a  different  depth  distortion  effect  than  scattered  energy. 
The  strengths  and  the  numbers  of  interference  lobes  depend  on  orientations,  curvatures, 
sizes  and  numbers  of  refractive  bodies  in  the  insonified  medium,  and  may  not  be  directly 
related  to  propagation  depth.  Although  the  chance  of  incident  rays  passing  through  more  re¬ 
fractive  bodies  increases  with  the  propagation  depth,  the  strengths  of  interference  lobes 
resulting  from  multiple  refraction  may  not  be  significant  compared  with  those  resulting  from 
single  refraction.  One  quantitative  measure  of  coherent  interference  phenomenon  is  the  ratio 
of  a  large  interference  lobe  or  artifact  to  image  lobe.  For  nine  samples  that  were  determined 
to  have  significant  levels  of  coherent  interference,  the  ratio  varied  randomly  from  sample  to 
sample  and  showed  no  increase  with  thickness.  The  average  strength  (peak  value)  is  10  dB 
(std.  4  dB).  Another  quantitative  measure  is  the  total  number  of  large  refractive  lobes  in 
each  image  (Table  II).  The  average  is  2  and  standard  deviation  is  0.53.  The  lobe  number  is 
independent  of  propagation  depth.  The  refractive  lobes  are  tightly  clustered  around  the  main 
lobe  with  an  average  radius  of  5.6  mm  (std.  1.8  mm)  which  is  about  2  degrees.  This  is 
because  the  speed  variations  across  glandular  tissue  and  fat  boundaries  are  small  (5-10%). 

IV.  DISCUSSION 


A.  Importance  of  Better  Phase  Correction 

We  have  shown  in  Table  IV  that  PC,  the  best  phase  deaberration  procedure  at  the 
aperture  and  ideal  for  a  point  target,  improves  ER  19%  more  than  TDC,  while  the  averages 
of  the  lowest  level  at  which  mainlobe  diffraction  shape  is  maintained  are  the  same  by  using 
both  procedures.  This  implies  that  residual  phase  error  due  to  imperfect  phase  correction  of 
TDC  primarily  contributes  to  the  energy  in  the  sidelobe  region.  Therefore  better  phase 
deaberration  procedures  that  improve  the  performance  of  TDC  are  valuable  to  improve  the 
contrast  resolution.  Furthermore,  the  amplitude  compression  operation  in  addition  to  PC  is 
more  effective  in  reducing  ER  than  the  same  compression  operation  in  addition  to  TDC. 
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The  average  ER  of  PC  and  square  rooter  is  18.2%  less  than  using  PC  alone  while  the 
average  ER  of  TDC  and  square  rooter  is  15.6%  less  than  using  TDC  alone. 

The  procedure  to  calculate  TDC  profile  used  in  this  paper  is  ad  hoc.  Steps  2  and  3  in 
TDC  calculation  (Section  II)  smooth  the  arrival  time  fluctuation  estimate  to  a  certain  extent. 
To  test  the  effect  of  the  ad  hoc  smoothing,  another  TDC  estimate  procedure  was  used.  We 
call  this  procedure  nonsmoothing  TDC.  In  this  procedure,  the  reference  waveform  selection 
in  previous  TDC  estimate  was  unchanged  but  steps  2  and  3  in  previous  TDC  estimate  were 
replaced  by  simply  calculating  the  cross-correlation  peaks  of  correlation  functions  between 
geometrically  corrected  waveforms  and  the  reference  waveform.  The  image  formation  was 
the  same  as  before.  The  simple  metric,  lowest  level  at  which  the  mainlobe  diffraction  shape 
was  maintained,  and  ER  after  using  nonsmoothing  TDC  were  measured.  The  average  level 
of  the  simple  metric  is  -18.9  dB  (std  2.4  dB)  and  the  average  ER  is  41.4%  (1 1.2%).  The 
corresponding  results  of  using  smoothing  TDC  are  -19.3  dB  (std.  2.4  dB)  and  44.2% 
(13%).  Thus,  smoothing  does  not  significantly  improve  image  quality.  The  reasons  are  1) 
on  average  86%  of  pulses  are  highly  correlated  with  the  reference  waveform  (correlation 
coefficient  0.7)  and  arrival  time  fluctuations  calculated  at  these  positions  are  reasonably 
good;  and  2)  for  14%  of  pulses  that  are  not  correlated  well  with  the  reference  waveform, 
estimation  errors  of  arrival  time  fluctuation  occur  at  these  positions.  But  signals  at  these 
positions  are,  in  general,  weak  and  therefore  arrival  time  estimation  errors  at  these  positions 
contribute  little  to  image  quality. 

B.  Effects  of  Amplitude  Weight  of  Compensation  Vector 

The  complex  weights  of  ME,  PC  and  PC  and  rooter  are,  respectively,  A,  1  and  A" 
each  multiplied  by  exp(-j  <p).  The  signal  after  weighting  is  A^,  A  and  By  using 
first  order  approximation,  it  is  shown  in  [6]  that  the  variance  of  A^  is  about  4  times  larger 


20 


than  while  the  variance  of  is  about  4  times  less  than  o\^  when  narrowband 
waveform  is  used,  where  0%^  denotes  the  variance  of  A.  These  increases  and  decreases  in 

amplitude  variance  account  for  the  linear  increase  and  decrease  in  sidelobe  energy  ER  [6]. 
Experimentally,  we  measured  4.1  and  3.7  increase  and  decrease  in  ER  compared  with  the 
ER  of  using  PC  when  wideband  DSA  and  PC  and  rooter  are  used,  respectively  (Table  IV). 
The  results  agree  with  the  analysis  and  indicate  that  intelligent  use  of  amplitude  weighting  is 
crucial  for  improving  image  contrast. 

C.  Application  to  Diffuse  Scattering  Medium 

The  compression  operation  upon  wavefront  amplitude,  in  addition  to  phase 
deaberration  or  BPT,  introduced  in  the  paper  is  applicable  to  a  diffuse  scattering  medium. 
Experiments  with  square  root  amplitude  weighting  and  TDC  show  that  ER  can  be  reduced 
by  15.6%  on  average  relative  to  TDC  alone.  Further  comparison  studies  of  image 
amplitude  distributions  before  and  after  compression  will  be  performed  to  quantify  the 
nonlinear  effects  upon  image  quality.  The  required  degree  of  compression  will  be 
optimized  as  a  function  of  contrast  resolution  and  SNR. 

D.  Significance  of  Coherent  Interference  upon  Pulse-echo  Imaging 

A  coherent  interference  phenomenon  was  demonstrated  in  the  1-way  transmission 
model  and  experiments.  Its  impact  upon  2- way  echo  scanning  is  illustrated  in  Fig.  12.  A 
transmitting  beam  illuminates  a  tumor  or  target  T  (part  a).  Because  of  refraction,  a 
subbeam  is  split  from  the  original  beam  and  insonifies  targets  along  0, .  On  reception,  if  no 
echo  signal  is  coming  back  from  the  targets  illuminated  by  the  subbeam  (simplest  case),  the 
receiving  beam  upon  T  (part  b)  may  split  in  the  same  fashion  as  the  transmitting  beam 
(reciprocity)  and  a  dual  image  may  result.  This  simplest  case  corresponds  exactly  to  the 
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situation  in  the  1-way  transmission  experiments  reported  in  this  paper,  and  in  [13-15], 
where  an  active  point  source  instead  of  a  passive  point  target  is  used.  In  reality,  refracted 
energy  from  the  targets  insonified  by  the  subbeam  will  arrive  at  angles  of  1  -  3®  from  the 
target  direction  and  therefore  in  the  sidelobe  region  of  array.  The  sidelobe  level  of  the 
receiving  beam  will  be  ~  -30  dB  as  achieved  by  the  procedure  described  in  this  paper.  The 
average  level  of  refracted  multipath  is  found  to  be  -10  dB  relative  to  the  target  image  and 
therefore  the  average  multipath  signal  level  entering  the  system  is  ~  (10+30)  dB  below  the 
echo  strength  of  the  illuminated  target.  The  cancellation  algorithms  [16-17]  must  suppress 
these  multipath  signals  to  achieve  a  -60  dB  contrast  resolution,  which  is  essential  for 
preventing  contamination  of  otherwise  black  cysts  with  scattered  and/or  refracted  echo 
energy  and  thereby  causing  them  to  look  like  speckled  tumors. 

V.  CONCLUSIONS 

The  evidence  of  both  scattering  and  refraction  is  observed  from  point  source  images 
obtained  from  in  vitro  breast  samples  with  thickness  varied  from  1-4  cm.  Scattering  reduces 
target  strength,  broadens  the  mainlobe  and  increases  background  level  and  therefore  lowers 
the  image  contrast.  Refraction  creates  coherent  multipath  interference  that  produces  false 
targets  in  addition  to  the  true  target  in  the  image.  Scattered  energy  increases  with  the 
propagation  depth  while  refracted  energy  does  not  appear  to  increase  with  the  depth. 

Phase  deaberration  algorithms  are  useful  to  partially  remove  scattered  energy  and 
build  up  the  strength  of  the  coherent  image.  As  a  result,  the  diffraction-limited  image  is 
restored  up  to  -20  dB  level  for  average  thickness  of  2.7  cm.  Better  phase  deaberration 
procedures  are  valuable  to  improve  energy  ratio  and  therefore  image  contrast.  Improvement 
of  a  diffraction-limited  image  to  the  -30  dB  region  requires  wavefront-deaberration 
algorithms  that  can  further  remove  scattered  energy  caused  by  wavefront  amplitude 
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distortion  and  consequently  strengthen  the  coherent  image.  BPT  reduces  wavefront 
amplitude  variance  and  provides  5  dB  improvement  in  addition  to  that  of  using  phase 
deaberration  procedures  at  the  aperture.  Wideband  DSA  increases  wavefront  amplitude 
variance  and  the  result  is  5  dB  worse  than  that  of  using  phase-deaberration  procedures  for 
the  tissue  thickness  studied.  A  low  order  root  on  wavefront  amplitude  in  addition  to  phase- 
deaberration  at  the  aperture  or  BPT  can  further  reduce  the  amplitude  variance  and  restore  the 
diffraction-limited  image  to  the  -30  dB  region.  Linear  regression  analysis  of  ER  vs 
propagation  depth  indicates  that  high  quality  focusing  throughout  100  mm  propagation 
depth  is  possible. 

The  ratio  of  multipath  artifact  to  image  lobe  is  improved  by  an  average  of  10  dB 
when  phase  deaberration  is  used  and  further  improved  by  another  10  dB  when  the  low  order 
root  upon  wavefront  amplitude  in  addition  to  phase  deaberration  or  in  addition  to 
backpropagation  and  phase  deaberration  is  used.  The  improvement  comes  from  the 
coherent  build  up  of  the  target  strength  by  descattering  processes. 
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Table  I.  Statistics  of  increase  in  -6  dB  beamwidth  (percent) 


Sample  size 

Classification 

Azimuth 

Elevation 

4 

A 

130  (std.  131.3) 

100(std.  96.5) 

3 

B 

50  (std.  53.3) 

30  (std.  30.0) 

9 

C 

30  (std.  33.3) 

40  (std.  42.2) 

A.  Primarily  scatter 

B.  More  scatter  than  refraction 

C.  Scatter  plus  well-defined  refraction 


Table  II.  Statistics  of  refracted  lobes  from  9  i  n  vitro  breast  samples 


Average 

Std.Dev. 

Number  of  refractive  lobes 

2 

0.53 

Relative  peak  strength  (dB) 

10 

4.7 

Distance  from  primary  lobe  (deg) 

1.8 

0.57 

Table  El  Statistics  of  mainlobe  diffraction  shape  (dB) 


Diffraction  pattern  (dB) 

Diffraction  pattern  after  correction  (dB) 

w/o  correction  TDC  PC 

Wideband 

BPT 

PC 

BPT 

PC 

DSA 

&square  rooter 

&square  rooter  &fourth  rooter 

A  -0(0)  -18.8(1.9)  -19.0(2.2) 

-14.8  (2.6) 

-24.3(2.1) 

-25.3(3.0) 

-29.5(2.7) 

-32.3  (2.8) 

B  -5.8(1. 3)  -19.7  (2.3)  -19.7(3.5) 

-14.7(1.5) 

-  23.7(0.6) 

-  25.3(2.1) 

-29.3(2.3) 

-30.7(1.2) 

C  -6.1(3.5)  -19.3  (2.7)  -19.6  (2.5) 

-14.8  (2.5) 

-23.9(2.4) 

-25.4(2.5) 

-29.3(3.0) 

-30.7(1.4) 

Table  rv  Statistics  of  ER  before  and  after  corrections _ 

w/o  Corr.  TDC  PC  Wideband  DSA  BPT  PC  BPT  PC 

&  square  rooter  &square  rooter  &fourth  rooter 

214.7%  44.2%  25.1%  103.5%  12.8%  6.8%  3.7%  2.1% 

(std.130.1%)  (13.4%)  (6.9%)  (33.9%)  (2.9%)  (1.6%) (0.7%)  (0.4%) 


Table  V  Relation  of  ER  and  image  contrast  (predicted  and  measured) 


w/o  Corr. 

TDC 

PC 

Wideband  DSA 

BPT  PC  BPT  PC 

&square  rooter  &square  rooter  &fourth  rooter 

ER  214.7% 

44.2% 

25.1% 

103.5% 

12.8% 

6.8% 

3.7%  2.1% 

(predicted)  -10,2  (dB) 

-17.1 

-19.5 

-13.3 

-22.4 

-25.2 

-27.8  -30.3 

(measured)  -4.2  (dB) 

-19.3 

-19.5 

-14.8 

-24.0 

-25.4 

-29.4  -  31.1 
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output  amplitude 


[ 


transducer 


Fig. 3.  Illustration  of  scanning  configuration. 


(a)  -6dB  (water)  (b)  -6  dB  (brs005) 


(c)  -20  dB  (brsOOS) 

Fig.4.  2-D  contour  maps  of  point  source  images,  (a)  water  data  showing  diffraction 
pattern  of  system.  Outer  contour  is  -6  dB  level,  (b)  measured  through  the  3.5-cm 
tissue  (brs005),  showing  asymmetric  scattering  effect.  Outer  contour  is  -6  dB  level,  (c) 
Image  brsOOS  at  -20  dB  contour  level.  The  outer  contour  shows  symmetrical  scattering 
pattern.  No  distinct  structure  or  multipath  is  observed.  Note  the  change  of  scale  from 
(a)  and  (b). 
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elevation  (imi)  elevation  (mm)  elevation  (mm) 


TDC  at  -6  dB 


TDC  at  -  20  dB 


(c)!  ” 


-20  -15  -10  -5  0  5  10  15  20 

azimuth  (mm) 


-20  -15  -10  -5  0  5  10  15  20 

azimuth  (mm) 


TDC  at  -30  dB 


PC  at  -30  dB 


(e)|  t 


5  10  15  20 


5  10  15  20 


BPT  at  -30  dB 


PC  and  square  rooter 
at  -30  dB 


(g)i 


-20  -15  -10  -5  0  5  10  15  20 

azimuth  (mm) 


-20  -15  -10  -S  O  5  10  15  20 

azimuth  (mm) 


Wideband  DSA  at  -30  dB  Water  at  -30  dB 

Fig  5  Distortion  corrected  contour  maps  of  the  sample  image  brsOOS  (see  Fig.4(b)  and  (c)  for 
comparision)  (a)  TDC  at -6  dB.  (b)  TDC  at -20  dB.  (c)  TDC  at -30  dB.  (d)  PC  at -30  dB.  (e) 
BPT  at -30  dB.  (f)  PC  and  square  rooter  at -30  dB.  (g)  Wideband  DSA  at -30  dB.  (h)  Water  at 
-30  dB  .  Note  the  scale  change  of  (b)-(h)  from  (a). 


(a)  -10  dB  (water)  (b)  -10  dB  (brs006) 


(c)  -16  dB  (brs006) 

Fig.6.  2-D  contour  maps  of  point  source  images,  (a)  water  data  showing  diffraction 
pattern  of  system.  Outer  contour  is  -10  dB  level,  (b)  measured  through  the  4-cm  tissue 
(brs006),  showing  highly  asymmetric  interference  pattern.  Outer  contour  is  -10  dB 
level,  (c)  Image  brs006  at  -16  dB  contour  level.  The  outer  contour  shows  more 
symmetrical  scattering  pattern.  Note  the  change  of  scale  from  (a)  and  (b). 


(a) 


(b) 


Fig.  7.  (a)  45  degree  cuts  of  2-D  images  (a)  water,  (b)  brs006. 


29 


1 


(d) 


(f) 


at  -30  dB 


(h) 


PC  and  fourth  rooter  at  -30  dB 


Wideband  DS  A  at  -16  dB 


Fig.8.  Distortion  corrected  contour  maps  of  the  sample  image  brs006  (see  Fig.6  (b)  and  (c) 
for  comparision)  (a)  TDC  at  -16  dB  level,  (b)  TDC  at  -25  dB  level  and  (c)  TDC  at  -30  dB 
level,  (d)  PC  at -30  dB  level,  (e)  BPTat-30dB.  (f)  PC  and  square  rooter  at -30  dB.  (g) 
PC  and  fourth  rooter  at  -30  dB.  Wideband  DSA  at  -16  dB.  Artifacts  are  5  dB  higher  than 
time-delayed  correction  shown  in  Fig.8(a). 
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log10(D) 


Fig.9.  Linear  regression  of  (a)  log(  cr^)  vs.  log(D)  and  (b)  log(  )  vs.  log(D).  D  is 

in  mm,  arrival  time  varianee  (T^  is  in  ns^  and  c\  is  the  normalized  amplitude  varianee 
(no  dimension). 


propagation  depth  (mm) 


(a) 


propagation  depth  (mm) 

(b) 

Fig.ll.  (a)  Linear  regression  curves  of  ER  vs.  propagation  depth  obtained  from  five 
correction  procedures,  (b)  Results  of  ER  vs.  propagation  depth  obtained  from  four 
correction  procedures.  The  vertical  scales  of  part  b  is  the  predicted  image  contrast  (see  text). 
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Fig.  12.  Illustration  of  effect  of  refraction  upon  pulse  echo  imaging  (simplest  case  with  no 
interference  echo  signal  coming  back  from  targets  insonified  by  subbeam). 
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Ultrasonic  pulse  arrival  time  and  energy  level  variations  introduced  by  propagation  through 
human  abdominal  wall  specimens  have  been  measured.  A  hemispheric  transducer  transmitted 
an  ultrasonic  pulse  that  was  detected  by  a^linear  array  transducer  after  propagation  through  an 
abdominal  wall  section.  The  array  was  translated  in  the  elevation  direction  to  collect  data  over 
a  two-dimensional  aperture.  Differences  in  arrival  time  and  energy  level  between  the  measured 
waveforms  and  calculated  references  that  account  for  geometric  delay  and  spreading  were 
found.  Plots  of  waveforms  compensated  for  geometric  path,  maps  of  time  delay  differences  and 
energy  level  fluctuations,  and  statistics  derived  from  these  for  water  paths  and  tissue  paths 
characterize  the  measurement  system  and  describe  the  time  delay  differences  and  energy  level 
fluctuations  caused  by  14  different  human  abdominal  wall  specimens.  Repeated  measurements 
using  the  same  specimens  show  that  individual  tissue  path  measurements  are  reproducible,  the 
results  depend  on  specimen  position,  and  frozen  storage  of  a  specimen  for  three  months  does  not 
appear  to  alter  the  time  delay  differences  and  energy  level  fluctuations  produced  by  the 
specimen.  Comparison  of  measurements  at  room  and  body  temperature  indicates  that 
appreciably  higher  time  delay  differences  occur  at  body  temperature  while  energy  level 
fluctuations  and  time  delay  difference  patterns  are  less  affected.  For  the  14  different  abdominal 
wall  specimens,  the  rms  time  delay  differences  and  energy  level  fluctuations  have  average  values 
of  43.0  ns  and  3.30  dB,  respectively,  and  the  associated  correlation  lengths  of  the  time  delay 
differences  and  energy  level  fluctuations  are  7.90  and  2.28  mm,  respectively.  The  spatial  patterns 
of  time  delay  difference  and  energy  level  fluctuation  in  the  reception  plane  appear  largely 
uncorrelated,  although  some  background  variations  in  energy  level  fluctuation  are  similar  to 
•  features  in  time  delay  difference  maps.  The  results  provide  important  new  information  about  the 
variety  and  range  of  ultrasonic  wave  front  arrival  and  energy  variations  caused  by  transmission 
through  abdominal  wall. 

PACS  numbers:  43.80.Ev,  43.80.Jz 


INTRODUCTION 

Ultrasonic  imaging  has  become  an  important  tool  for 
medical  diagnosis.  Because  of  its  nonionizing  nature  and  its 
ability  to  distinguish  between  various  soft  tissues  by  their 
mechanical  properties,  ultrasound  is  the  modality  of  choice 
for  such  applications  as  examination  of  heart  valve  motion, 
studies  of  the  fetus,  and  surveys  for  disease  in  abdominal 
organs.  The  usefulness  of  ultrasound  is  limited,  however, 
by  its  relatively  low  resolution  as  compared  to  radiologic  or 
magnetic  resonance  imaging. 

Over  the  years,  efforts  have  been  made  to  improve  the 
resolution  of  ultrasonic  scanners.  Higher  frequency  signals 
have  been  used,  but  are  accompanied  by  increased  attenu¬ 
ation  levels.  Larger  transducer  arrays  have  been  used  ef¬ 
fectively.  However,  this  approach  is  also  limited  because 
the  ultrasonic  beam  is  distorted  by  the  tissues  through 
which  it  passes  and  this  distortion  is  not  removed  by  any 
clinical  instruments  now  commercially  available.  Informa¬ 


tion  about  the  degradation  of  ultrasonic  beams  is  needed 
and  appropriate  compensation  methods  must  be  developed 
if  this  fundamental  source  of  resolution  loss  is  to  be  elim¬ 
inated. 

Ultrasonic  wave  front  distortion  produced  by  propa¬ 
gation  through  tissue  has  been  the  topic  of  several  recent 
investigations.  Moshfegi  and  Waag^  found  that  the  resolu¬ 
tion  improvement  obtained  by  increasing  aperture  size 
from  //2.6  to  //l.O  is  one  third  lower  in  the  presence  of 
tissue  than  in  water  alone,  illustrating  the  loss  of  resolution 
caused  by  wave  front  distortion.  From  scattering  measure¬ 
ments,  Waag  etal}  have  also  estimated  that  propagation 
through  100  mm  of  calf  liver  produces  an  rms  path  differ¬ 
ence  of  about  20  /xm  and  that  the  correlation  length  of  calf 
liver  is  about  100  ptm.  O’Donnell  and  Flax^  have  examined 
in  vivo  b-scan  images  of  the  human  liver  for  the  effect  of 
wave  front  distortion,  finding  that  ultrasonic  images  from 
patients  for  whom  phase  distortion  is  mild  are  good  while 
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those  from  patients  for  whom  phase  distortion  is  severe  are 
poor. 

A  number  of  direct  measurements  of  wave  front  dis¬ 
tortion  produced  by  human  tissues  have  also  been  made.  A 
pilot  study  by  Aindow  and  Chivers"^  was  aimed  at  the  de¬ 
termination  of  the  instrumentational  and  procedural  re¬ 
quirements  for  making  these  measurements  accurately. 
They  also  found  that  liver  specimens  may  disrupt  ultra¬ 
sonic  wave  fronts  mildly.  In  another  early  study,  Krammer 
and  Hassler^  made  a  one-dimensional  measurement  of  the 
time  delay  fluctuations  caused  by  the  human  abdominal 
wall,  and  determined  that  the  level  of  wave  front  distortion 
produced  by  abdominal  wall  samples  varies  significantly 
between  individual  specimens.  Using  a  somewhat  different 
experimental  design  that  included  a  two-dimensional  aper¬ 
ture,  Sumino  and  Waag^  found  that  the  human  abdominal 
wall  can  cause  time  delay  fluctuations  sufficient  to  degrade 
focusing  in  large  aperture  ultrasonic  imaging  systems  op¬ 
erating  in  the  low  megahertz  range.  Other  investigators^’^ 
have  made  one-dimensional  measurements  of  wavefront 
distortion  produced  by  the  human  breast.  At  the  same 
time,  active  research  to  develop  algorithms  for  the  correc¬ 
tion  of  phase  distortion  in  clinical  machines  is  being  re¬ 
ported  at  meetings.^’ However,  while  all  the  aforemen¬ 
tioned  work  indicates  recognition  of  the  important  role 
played  by  wavefront  distortion  in  limiting  resolution,  a 
paucity  of  data  exists  and  additional  measurements  are 
needed  to  describe  the  variety  and  range  of  wavefront  dis¬ 
tortion  encountered  clinically.  Information  concerning  am¬ 
plitude  distortion  is  particularly  limited  at  this  time. 

This  paper  reports  on  a  new  study  of  wave  front  dis¬ 
tortion  caused  by  the  human  abdominal  wall.  This  study 
employed  fourteen  different  abdominal  wall  specimens  and 
measurements  were  made  at  body  temperature  using  im¬ 
proved  instrumentation  and  data  processing  techniques. 
Variations  in  both  arrival  time  and  energy  level  are  de¬ 
scribed.  The  new  information  is  expected  to  be  useful  for 
the  theoretical  design  and  engineering  development  of 
wave  front  distortion  correction  algorithms. 

I.  METHOD 

A.  Experimental  protocol 

The  experimental  method  used  here  was  essentially 
that  of  Sumino  and  Waag.^  In  their  study,  a  hemispheric 
transducer  transmitted  ultrasonic  pulses  that  were  received 
by  a  linear  array  immediately  after  passing  through  an 
abdominal  wall  specimen.  The  array  was  translated  in  the 
elevation  direction  by  a  computer-controlled  stage,  thus 
scanning  a  two-dimensional  aperture,  A  multiplexer  ac¬ 
cessed  each  of  the  128  array  elements  sequentially.  At  each 
element,  the  received  signal  was  digitized  into  12-bit  sam¬ 
ples  at  a  rate  of  20  MHz  over  an  1 1.8-/is  interval.  This  was 
repeated  21  times  at  each  element  to  permit  signal  averag¬ 
ing  for  noise  reduction.  Both  transducers  operated  at  a 
3.75-MHz  center  frequency  and  the  -6-dB  bandwidth  of 
the  received  pulse  was  about  2.2  MHz.  The  spacing  of 
elements  in  the  array  direction  of  the  receiving  transducer 
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was  0.72  mm  and  the  dimension  of  the  receiving  area  in  the 
elevation  direction  was  restricted  to  2.50  mm  by  a  reflect¬ 
ing  mask.  Signals  were  collected  from  all  128  elements  at 
each  of  16  elevations  for  a  total  of  2048  collection  posi¬ 
tions,  spanning  a  92.16x40.0-mm^  aperture,  during  a  pe¬ 
riod  of  about  45  min.  Data  collection  was  performed  at 
room  temperature  with  a  source-receiver  separation  of  ap¬ 
proximately  165  mm. 

For  the  present  study,  the  measurement  system  was 
modified  in  several  ways  in  order  to  improve  spatial  reso¬ 
lution,  signal-to-noise  ratio,  acquisition  speed,  and  the  sim¬ 
ulation  of  in  vivo  tissue  conditions. 

In  order  to  improve  spatial  resolution,  the  elevation 
dimension  of  the  linear  array  was  decreased  to  1.44  from 
2.50  mm,  thus  reducing  the  measurement  spot  size  to  58% 
of  the  0.72x2.50-mm^  size  used  previously.  To  offset  the 
associated  signal  loss,  the  amplitude  of  the  transmitted 
pulse  was  increased  by  increasing  the  voltage  supplied  to 
the  ultrasonic  pulse  generator  and  using  a  special  double 
pulse  input  to  the  transducer.  Attenuation  of  the  signal  on 
its  path  to  the  receiving  transducer  was  reduced  by  remov¬ 
ing  the  acoustic  lens  from  the  otherwise  standard  ultra¬ 
sonic  probe,  without  altering  the  original  source-receiver 
separation.  Finally,  the  receiver  amplification  was  raised 
significantly.  The  total  increase  in  gain  was  sufficient  to 
offset  the  loss  due  to  decreased  spot  size  and  to  compensate 
for  array  element  directivity  at  the  edge  of  the  aperture 
while  maintaining  the  received  pulse  -6-dB  bandwidth  at 
about  2.2  MHz  and  extending  the  output  signal  amplitude 
to  cover  the  entire  12-bit  range  of  the  analog-to-digital 
converter. 

When  the  elevation  dimension  of  the  linear  array  was 
reduced,  the  elevation  step  size  was  simultaneously  de¬ 
creased  to  1.44  mm  and  the  number  of  elevation  positions 
at  which  data  was  collected  was  increased  from  16  to  32. 
This  expanded  the  total  aperture  to  92.16x46.08  mm^  and 
the  number  of  sampling  positions  to  4096,  or  twice  the 
number  scanned  previously.  However,  modifications  to  the 
data  acquisition  software  increased  the  speed  of  data  col¬ 
lection,  so  that  the  total  scan  time  over  the  two- 
dimensional  aperture  decreased  to  about  35  min. 

A  major  improvement  in  this  study  was  the  addition  of 
a  heater  and  circulator  to  the  experimental  water  chamber. 
This  was  motivated  by  experimental  results^  ^  showing  that 
the  speed  of  sound  in  mammalian  tissue  changes  with  tem¬ 
perature  and  that  the  sign  of  the  change  depends  on  tissue 
type,  with  the  speed  of  sound  in  fat  and  muscle  changing  in 
opposite  directions  as  temperature  increases.  Since  temper¬ 
ature  dependencies  such  as  these  in  known  components  of 
abdominal  wall  could,  as  noted  by  Sumino  and  Waag,^ 
increase  arrival  time  variations  in  particular  and  could  also 
increase  wave  front  distortion  in  general,  measurements 
were  made  at  both  room  and  body  temperature  to  investi¬ 
gate  the  importance  of  temperature.  Once  an  appreciable 
temperature  effect  had  been  demonstrated,  data  collection 
took  place  at  or  about  body  temperature  for  the  remainder 
of  the  study.  The  result  is  that  the  wave  front  distortion 
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measured  here  should  be  similar  to  that  encountered  clin¬ 
ically. 

The  cross  talk  evident  in  the  results  of  Ref.  6  was 
eliminated  through  a  reconfiguration  of  the  multiplexer 
wiring  and  crosstalk  was  not  observed  in  the  present  study. 

Fourteen  abdominal  wall  specimens,  each  from  a  dif¬ 
ferent  autopsy,  were  employed  in  this  study.  The  speci¬ 
mens  were  taken  from  regions  over  the  liver,  gall  bladder, 
pancreas,  aorta,  and  kidneys.  Similar  to  those  used  previ¬ 
ously  for  the  measurements  reported  in  Ref.  6,  the  speci¬ 
mens  consisted  of  a  surface  covering  of  skin,  layers  of  fat, 
a  lower  layer  of  muscle,  and  the  peritoneal  membrane. 
They  ranged  in  thickness  from  10  to  35  mm,  averaging 
about  21.6-mm  thick.  Muscle  constituted  2  to  5  mm  of  this 
thickness  but  did  not  extend  across  the  entire  area  of  every 
specimen.  Each  sample  had  a  surface  area  of  at  least  7x13 
cm^.  Specimens  were  stored  frozen  from  their  receipt  until 
shortly  before  their  use  in  measurements.  Most  specimens 
were  employed  for  more  than  one  measurement.  All  spec¬ 
imens  were  examined  grossly  and  showed  no  macroscopic 
changes  due  to  this  storage  and  handling. 

Specimen  donors  were  mainly  older  adults  ranging 
from  54  to  96  years  in  age  with  a  mean  lifespan  of  72.8 
years.  The  leading  causes  of  death  were  heart  failure 
( 36% ) ,  cancer  (21%),  and  stroke  ( 14% ) .  The  donor  pop¬ 
ulation  was  71%  female  and  29%  male.  None  of  the  do¬ 
nors  were  particularly  obese.  Selection  of  donors  was  made 
on  the  basis  of  availability,  specimen  quality,  and  the  ab¬ 
sence  of  contagious  pathogens. 

In  addition  to  measurements  using  the  specimens, 
measurements  were  made  through  water  alone  in  order  to 
ascertain  the  inherent  nonidealities  of  the  measurement 
system. 

B.  Data  processing 

The  data  processing  method  employed  in  this  experi¬ 
ment  paralleled  that  of  Sumino  and  Waag^  but  relied  on 
different  mathematical  techniques  and  faster  algorithms.  In 
Ref.  6,  the  21  signals  from  each  array  position  were  first 
averaged  to  reduce  random  noise.  The  delay  differences 
between  signals  received  at  neighboring  elements  along  the 
array  were  determined  by  locating  the  peaks  of  the  corre¬ 
sponding  cross-correlation  functions.  Time  delays  across 
the  two-dimensional  receiving  aperture  were  then  calcu¬ 
lated  by  summing  the  delay  differences  along  the  array 
direction  at  each  elevation  and  then  using  the  cross  corre¬ 
lation  between  the  central  elements  at  neighboring  eleva¬ 
tions  to  couple  the  sums  across  the  elevations.  The  central 
96  X 10  waveforms  were  temporally  windowed  to  a  1.8-jUS 
range  determined  by  the  location  of  a  fitted  fourth-order 
polynomial  surface.  Then,  the  cross-correlation  procedure 
was  repeated  to  obtain  the  time  delays  more  accurately. 
The  expected  geometric  delay,  obtained  by  fitting  a  new 
fourth-order  polynomial  to  the  second  time  delay  surface, 
was  removed  from  the  calculated  time  delay.  Statistics 
such  as  the  rms  value  and  correlation  length  were  then 
computed  for  the  remaining  delay  differences. 

The  data  processing  method  employed  in  this  study 
used  different  algorithms  to  accomplish  essentially  the 
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same  results  over  the  full  set  of  128x32  waveforms.  After 
averaging  for  noise  reduction,  a  reference  pulse  was  se¬ 
lected  for  the  ideality  of  its  shape  from  the  waveforms  in 
the  central  part  of  the  aperture.  The  pulse  was  next  win¬ 
dowed  to  48  points,  including  a  cosine  taper  over  the  trail¬ 
ing  24  points.  Spectral  fitting^^  was  then  used  to  locate  the 
rough  position  of  each  pulse  in  the  11.8-/xs  collection  in¬ 
terval  relative  to  the  reference  pulse.  In  order  to  eliminate 
spurious  values  in  the  rough  position,  a  fourth-order  poly¬ 
nomial  surface  was  fitted  to  the  calculated  positions  and 
any  of  the  initially  calculated  values  that  deviated  from  this 
curve  by  more  than  50  ns  were  replaced  by  the  correspond¬ 
ing  value  from  the  fit.  A  second  fourth-order  polynomial 
surface  was  then  fit  to  the  remaining  data,  which  no  longer 
included  extreme  values  that  could  inappropriately  bias  the 
fit.  Finally,  a  2.0-fis  temporal  window  beginning  and  end¬ 
ing  with  a  0.5-/ZS  cosine  taper  was  placed  0.5  fis  ahead  of 
the  resulting  curve,  in  order  to  isolate  the  main  received 
pulse.  This  process  is  equivalent  to  and  significantly  faster 
than  the  first  cross  correlation  and  curve-fitting  step  that  it 
replaced. 

The  most  important  change  made  was  the  method 
used  to  calculate  the  relative  arrival  time  at  each  position 
in  the  aperture  from  the  arrival  time  differences  normally 
obtained  by  cross  correlation.  While  Ref.  6  employed  an 
accumulation  of  arrival  time  differences  calculated  in  the 
array  direction  added  to  those  calculated  down  the  center 
of  the  array  in  the  elevation  direction,  the  new  method 
utilized  the  results  produced  by  cross  correlating  every  sig¬ 
nal  with  each  of  its  neighbors,  a  process  that  yields  about 
four  times  as  many  arrival  time  differences.  In  the  new 
method,  the  relative  arrival  times  were  then  computed  by 
solving  a  set  of  overconstrained  linear  equations,  which 
related  the  unknown  arrival  times  and  the  arrival  time 
differences  obtained  from  cross  correlation,  in  the  least- 
mean-square  error  sense.  This  approach  gave  more  reliable 
results  and  eliminated  the  streaks  occasionally  produced  by 
the  accumulation  method  in  the  time  delay  difference  plots. 
More  detail  about  the  least-mean-square  error  technique 
for  calculation  of  arrival  time  in  a  two-dimensional  aper¬ 
ture  can  be  found  in  Ref.  13. 

Because  transmission  through  the  human  abdominal 
wall  may  alter  the  shape  of  ultrasonic  pulses  as  well  as 
their  arrival  time  and  energy  content,  the  cross-correlation 
method  is  sometimes  inadequate  for  calculation  of  the  ar¬ 
rival  time  difference  between  two  signals.  In  this  study, 
pulse  pairs  were  considered  too  dissimilar  for  meaningful 
cross  correlation  if  their  maximum  cross-correlation  coef¬ 
ficient  was  not  greater  than  0.8.  In  such  cases,  the  second 
pulse  was  assumed  to  be  more  severely  deformed  because 
the  previous  one  had  already  been  cross  correlated  success¬ 
fully.  The  second  pulse  was  consequently  discarded  and  a 
forward  search  was  made  until  a  usable  pulse  was  found. 
The  total  arrival  time  difference  between  this  new  pulse 
and  the  last  acceptable  pulse  was  then  evenly  divided  over 
the  interval  between  them.  If  ten  steps  were  taken  or  the 
edge  of  the  aperture  was  reached  without  obtaining  a  us¬ 
able  arrival  time  difference,  the  search  was  ended,  and  the 
difference  between  the  roughly  calculated  arrival  times  was 
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inserted  at  the  position  of  the  original  failure.  After  the 
calculation  was  completed  for  the  entire  aperture,  such 
substitutions  were  replaced  by  the  average  of  those  imme¬ 
diately  preceding  and  following  arrival  time  differences 
that  originated  from  a  successful  cross  correlation.  These 
methods  are  also  described  in  more  detail  in  Ref.  13. 

Energy  fluctuations  across  the  receiving  aperture  were 
calculated  using  the  isolated  and  tapered  pulses  obtained 
from  the  windowing  process  described  above.  The  total 
energy  arriving  at  each  aperture  position  was  computed  as 
the  sum  of  the  squared  amplitudes  of  the  signal  detected  at 
that  position.  In  the  rare  occurrence  (five  times  in  all  the 
reported  studies)  when  a  waveform  at  a  position  in  the 
measurement  aperture  was  lost  due  to  a  failure  during  data 
acquisition,  the  energy  for  that  position  was  obtained  by  an 
average  of  the  energies  at  two  neighboring  array  positions. 
Also,  the  values  at  positions  corresponding  to  transducer 
element  number  125  were  replaced  by  the  average  of  the 
energy  values  for  element  number  124  and  number  126  in 
the  same  row  because  element  number  125  was  sometimes 
plagued  by  an  intermittent  connection.  The  computed  en¬ 
ergy  values  were  converted  into  decibel  units  in  order  to 
eliminate  the  negative  fitted  values  that  very  low  energy 
occasionally  produced  with  data  on  a  linear  scale.  No  sig¬ 
nificant  error  from  uncertainty  in  the  energy  data  was  in¬ 
troduced  in  this  process  because  the  ratio  of  signal  power 
to  noise  power  in  the  energy  data  averaged  more  than  40 
dB  and  the  dynamic  range  of  the  logarithmic  data  was 
restricted  to  20  dB  below  the  maximum  value  to  minimize 
the  effect  of  extremely  low  values  on  the  ensuing  least- 
mean-squares  fit.  The  contributions  of  geometry,  bulk  at¬ 
tenuation  by  specimens,  and  measurement  system  gain  to 
the  overall  energy  distribution  were  eliminated  by  fitting  a 
fourth-order  polynomial  to  these  values  and  then  subtract¬ 
ing  this  curve  from  them.  This  subtraction  of  logarithms 
corresponds  to  normalization  of  energy  by  a  smoothly 
varying  reference  throughout  the  aperture.  The  use  of  en¬ 
ergy  level  fluctuations  to  describe  pulse  amplitude  varia¬ 
tions  in  this  study  is  comparable  to  the  use  of  the  scintil¬ 
lation  index^'^  in  radio  science  to  describe  intensity 
variations  resulting  from  electromagnetic  wave  propaga¬ 
tion  in  a  random  medium. 

The  time  delay  differences  and  energy  level  fluctua¬ 
tions  that  resulted  from  the  processing  described  above 
were  then  displayed  as  two-dimensional  gray  scale  maps 
and  various  statistics  describing  their  features  were  calcu¬ 
lated.  The  statistics  employed  here  include  the  rms  value  as 
well  as  the  99.5%  value  that  defines  the  absolute  limit 
beyond  which  only  0.5%  of  the  values  are  found.  This 
99.5%  value  measures  the  range  of  the  data  in  a  way  that 
is  relatively  unaffected  by  anomalous  outlying  points.  The 
spatial  variability  of  the  maps  is  described  by  the  array  and 
elevation  direction  correlation  lengths  that  are  defined  as 
the  interval  between  the  half  maximum  amplitude  points  of 
the  autocorrelation  function  in  the  corresponding  direc¬ 
tion. 


II.  RESULTS 

Representative  rf  waveforms  compensated  for  geomet¬ 
ric  path  and  windowed  in  time  appear  in  Fig.  1.  The  wave¬ 
forms  in  Fig.  1  (a)  are  for  a  water  path  (H2O)  while  those 
in  Fig.  l(b)-(d)  are  for  three  human  abdominal  wall 
(HAW)  specimens  that  respectively  illustrate  low,  moder¬ 
ate,  and  high  levels  of  the  arrival  time  variation,  as  well  as 
low,  high,  and  moderate  amounts  of  the  energy  level  fluc¬ 
tuation  measured  for  specimens  in  this  study.  The  unifor¬ 
mity  of  the  water  path  waveforms  contrasts  with  the  vari¬ 
ability  of  the  specimen  waveforms  in  both  arrival  time  and 
energy  level.  In  this  figure  and  throughout  the  remainder 
of  this  paper,  individual  measurements  are  identified  by 
codes  consisting  of  a  prefix  that  identifies  the  object  of 
study  and  a  suffix  that  is  the  serial  number  of  the  specific 
measurement. 

Water  path  time  delay  differences  and  energy  level 
fluctuations  for  two  representative  measurements  are  pre¬ 
sented  in  Fig.  2  and  a  statistical  summary  of  all  the  water 
path  measurements  is  given  in  Table  I.  Two  water  path 
studies  are  shown  in  Fig.  2  because  the  hemispheric  source 
transducer  failed  during  the  period  over  which  the  studies 
were  conducted  and  was  replaced  by  a  physically  equiva¬ 
lent  unit  that  provided  a  higher  acoustic  output  with  es¬ 
sentially  the  same  center  frequency  and  bandwidth.  The 
variations  in  both  the  time  delay  differences  and  energy 
level  fluctuations  are  small,  although  improvement  result¬ 
ing  from  replacement  of  the  first  transducer  is  evident.  The 
statistical  summary  provides  a  quantitative  description  of 
the  spread,  correlation  lengths,  and  extrema  of  the  data. 
Together,  these  water  path  data  characterize  the  measure¬ 
ment  system  error  and  variability  for  distortionless  trans¬ 
mission  in  the  study  reported  here. 

The  results  obtained  from  repeated  study  of  four  dif¬ 
ferent  abdominal  wall  specimens  are  shown  in  the  time 
delay  difference  and  energy  level  fluctuation  maps  that 
comprise  Fig.  3  and  in  the  statistical  summary  presented  in 
Table  II.  Two  of  the  specimens  were  studied  twice  in  a 
single  day  without  removal  from  the  specimen  holder  while 
the  other  two  were  studied  before  and  after  being  frozen 
for  3  months.  The  spatial  patterns  of  time  delay  difference 
and  energy  level  fluctuation  are  very  similar  for  both  mea¬ 
surements  on  each  specimen.  The  associated  statistics  are 
similar  as  well. 

Body  temperature  and  room  temperature  time  delay 
differences  and  energy  level  fluctuations  are  compared  in 
Fig.  4  and  Table  III  using  measurements  made  on  four 
different  specimens  without  removal  from  the  sample 
holder.  The  data  show  that  the  amplitude  of  time  delay 
differences  increases  considerably  from  room  to  body  tem¬ 
perature,  but  that  the  spatial  pattern  of  time  delay  differ¬ 
ences  remains  similar.  Both  the  amplitude  and  spatial  pat¬ 
tern  of  the  energy  level  fluctuations  are  less  affected  by 
temperature  than  those  for  the  time  delay  differences. 

The  results  obtained  from  14  different  specimens  of 
abdominal  wall  at  body  temperature  are  the  time  delay 
difference  and  energy  level  fluctuation  maps  of  Fig.  5  and 
the  statistical  summary  in  Table  IV.  The  maps  of  time 
delay  difference  generally  have  larger  spatial  features  than 
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(a) 


(b) 


(c) 


(d) 


FIG.  1.  Representative  waveforms  compensated  for  geometric  path,  (a)  H2O-58.  (b)  HAW37A-81.  (c)  HAW42-69.  (d)  HAW65-74.  Each  column  of 
panels  shows  waveforms  at  sequential  increments  of  2.88  mm  in  elevation  across  the  first  half  of  the  46.08-mm  aperture.  At  each  elevation,  the  horizontal 
coordinate  is  the  array  direction  and  spans  a  distance  of  92.16  mm  in  0.72-mm  increments  while  the  vertical  coordinate  is  time  and  spans  an  interval  of 
2.0  /rs  in  O.OS-fis  increments.  Signal  amplitude  is  shown  linearly  on  a  gray  scale  with  the  maximum  signal  in  the  two-dimensional  aperture  for  each 
measurement  represented  by  white  and  the  corresponding  negative  value  by  black. 


the  maps  of  energy  level  fluctuation,  and  the  relatively  high 
spatial-frequency  speckle  of  the  energy  level  fluctuations 
appears  largely  uncorrelated  with  the  time  delay  differ¬ 
ences,  although  some  background  variation  in  the  energy 
level  fluctuations  is  apparently  related  to  features  in  the 
time  delay  difference  maps.  The  variability  of  the  time  de¬ 
lay  difference  patterns  produced  by  different  specimens  in 
comparison  to  the  relative  uniformity  of  the  speckle  pat¬ 


terns  in  the  energy  level  fluctuations  is  evident  as  well. 

Time  delay  difference  and  energy  level  fluctuation  sta¬ 
tistics  for  water  path  measurements,  for  room  temperature 
and  corresponding  body  temperature  specimen  path  mea¬ 
surements,  and  for  measurements  of  14  different  (indepen¬ 
dent)  specimens  are  summarized  graphically  in  Fig.  6, 
which  employs  a  bar  chart  format  to  allow  rapid  visual 
assessment  of  the  relationships  between  the  results  for  dif- 


TABLE  I.  Water  path  statistics. 


Time  delay  differences  Energy  level  fluctuations 


Data  set 

rms 

value 

(ns) 

99.5% 

value 

(ns) 

Corr.  len. 
array  dir. 
(mm) 

Corr.  len. 
elev.  dir. 
(mm) 

rms 

value 

(dB) 

99.5% 

value 

(dB) 

Corr.  len. 
array  dir. 
(mm) 

Corr.  len. 
elev.  dir. 
(mm) 

H2O-58 

6.3 

19.0 

0.85 

1.90 

0.76 

3.21 

1.05 

23.00 

H2O-59 

6.4 

21.8 

0.87 

1.90 

0.57 

1.75 

1.21 

23.10 

H2O-6O 

6.1 

21.2 

0.81 

1.67 

0.55 

1.80 

1.85 

22.40 

H2O-64 

3.2 

10.0 

4.21 

14.19 

0.47 

1.48 

3.74 

19.10 

H2O-65 

3.3 

9.7 

4.13 

10.25 

0.48 

1.94 

1.42 

21.93 

H2O-67 

3.1 

8.8 

4.40 

20.28 

0.46 

1.29 

3.80 

17.58 

Mean 

4.7 

15.1 

2.55 

8.37 

0.55 

1.91 

2.18 

21.19 

s.d. 

1.7 

6.2 

1.87 

7.85 

0.11 

0.68 

1.26 

2.30 
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FIG.  2.  Representative  water  path  time  delay  differences  and  energy  level  fluctuations,  (a)  H2O-59.  (b)  H2O-67.  In  the  left  panel  of  each  pair,  arrival 
time  difference  is  shown  on  a  linear  scale  with  a  maximum  time  delay  difference  of  150  ns  represented  by  white  and  a  minimum  time  delay  difference 
of  —  1 50  ns  represented  by  black.  In  the  right  panel  of  each  pair,  energy  level  fluctuation  is  shown  on  a  log  scale  with  a  maximum  positive  excursion  of 
+ 10  dB  represented  by  white  and  a  maximum  negative  excursion  of  — 10  dB  represented  by  black.  In  all  panels,  the  horizontal  coordinate  is  the  array 
direction  and  spans  a  distance  of  92.16  mm  in  0.72-mm  increments  while  the  vertical  coordinate  corresponds  to  position  of  the  array  in  elevation  and 
spans  a  distance  of  46.08  mm  with  points  interpolated  from  measurements  at  1.44-mm  intervals  to  produce  data  at  0.72-mm  increments. 


ferent  sets  of  measurements  and  the  variability  within 
them. 


III.  DISCUSSION 

Development  of  the  data  processing  procedure  used  in 
this  investigation  required  various  choices.  Important 
among  the  choices  were  the  selection  of  the  least-mean- 
square  error  approach  to  determine  relative  arrival  time 
throughout  the  aperture,  and  the  use  of  fourth-order  poly¬ 
nomial  fits  as  references  for  the  calculation  of  time  delay 
differences  and  energy  level  fluctuations.  These  decisions 
were  guided  by  theoretical  considerations  and  experience. 
Since  other  choices  could  yield  appreciably  different  nu¬ 


merical  results,  the  same  basic  processing  techniques  were 
employed  throughout  this  study  to  yield  consistent  data  for 
comparisons. 

The  least-mean-square  error  method  of  calculating  rel¬ 
ative  wave  front  arrival  times  used  15  906  arrival  time  dif¬ 
ferences  to  determine  relative  arrival  times  at  the  4096 
points  in  the  128X32  aperture.  The  redundancy  built  into 
this  method  minimized  the  effect  of  errors  in  arrival  time 
differences  calculated  by  cross  correlation  of  neighboring 
waves.  When  signal  correlation  was  low,  the  algorithm  for 
arrival  time  difference  estimation  provided  reasonable  ar¬ 
rival  time  difference  approximations  that  could  be  em¬ 
ployed  to  maintain  the  matrix  structure  that  simplified  the 
solution  of  the  overconstrained  equations.  On  average, 
29.5%  of  the  cross-correlation  coefficients  calculated  in  the 


FIG.  3.  Abdominal  wall  path  time  delay  differences  and  energy  level  fluctuations  for  repeated  body  temperature  measurements,  (a)  HAW42-69  and 
HAW42-70.  (b)  HAW65-74  and  HAW65-75.  (c)  HAW55-54  and  HAW55-59.  (d)  HAW60-55  and  HAW60-71.  Specimens  42  and  65  were  studied 
twice  in  a  single  day,  while  the  two  studies  of  specimens  55  and  60  were  separated  by  3  months.  For  each  specimen,  the  results  of  the  first  study  are 
presented  above  those  of  the  second  study.  The  format  and  scales  in  each  pair  of  panels  are  the  same  as  in  Fig.  2. 
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TABLE  II.  Abdominal  wall  path  statistics  for  repeated  body  temperature  measurements. 


Specimen 

(HAW 

number) 

Specimen 

thickness 

(mm) 

Run 

No. 

Date 

Time  delay  differences 

Energy  level  fluctuations 

rms 

value 

(ns) 

99.5% 

value 

(ns) 

Corr.  len. 
array  dir. 
(mm) 

Corr.  len. 
elev.  dir. 
(mm) 

rms 

value 

(dB) 

99.5% 

value 

(dB) 

Corr.  len. 
array  dir. 
(mm) 

Corr.  len. 
elev.  dir. 
(mm) 

42 

20 

69 

09/01/92 

42.2 

118.1 

8.65 

7.86 

3.50 

9.40 

1.97 

2.68 

70 

09/01/92 

41.9 

123.8 

8.11 

7.73 

3.49 

9.00 

1.98 

2.71 

65 

15 

74 

12/16/92 

63.9 

187.1 

7.79 

16.59 

3.27 

8.11 

2.03 

1.92 

75 

12/16/92 

62.8 

187.8 

8.83 

14.46 

3.21 

8.28 

2.08 

1.92 

55 

25 

54 

05/14/92 

23.9 

72.5 

3.27 

4.43 

2.92 

7.68 

1.49 

2.15 

59 

08/14/92 

29.3 

98.7 

3.65 

4.65 

3.14 

8.27 

1.31 

2.08 

60 

10-30 

55 

05/22/92 

60.2 

156.0 

10.74 

10.54 

3.28 

8.56 

2.39 

2.35 

71 

09/02/92 

57.0 

160.8 

9.25 

9.37 

3.36 

8.61 

2.29 

2.05 

14  independent  tissue  path  studies  were  less  than  the  0.8 
level  considered  acceptable  here,  while  less  than  0.1%  of 
all  the  water  path  cross-correlation  coefficients  were  unac¬ 
ceptable.  This  indicates  that,  on  average,  2.7  times  the  min¬ 
imum  number  of  equations  necessary  to  calculate  relative 
arrival  time  throughout  a  tissue  path  measurement  aper¬ 
ture  were  available  from  cross  correlation  of  neighboring 
waveforms  and  that  the  reliance  on  arrival  time  difference 
calculation  techniques  other  than  the  cross  correlation  of 
neighboring  waveforms  was  not  high. 

The  utilization  of  two-dimensional,  fourth-order  curve 
fits  as  references  to  eliminate  geometric  effects  and  the  av¬ 
erage  characteristics  of  each  specimen  for  the  calculation 
of  time  delay  differences  and  energy  level  fluctuations  is  an 
empirical  approach.  Although  use  of  a  theoretical  model 


based  on  spherical  wave  propagation  may  be  desirable,  a 
straightforward  solution  to  the  problem  can  only  be  found 
for  the  simple  water  path  case.  When  abdominal  wall  spec¬ 
imens  are  used,  gradual  variations  in  specimen  thickness  as 
well  as  refraction  at  the  various  surfaces  make  such  calcu¬ 
lations  dependent  on  accurate  knowledge  of  the  thickness, 
average  sound  speed,  and  bulk  attenuation  of  the  sample 
throughout  the  entire  scan  region,  but  such  detailed  infor¬ 
mation  is  not  readily  obtainable.  Two-dimensional,  fourth- 
order  curve  fits  were  chosen  as  an  appropriate  method  to 
obtain  reference  values  because  these  fits  yielded  consis¬ 
tently  lower  time  delay  difference  and  energy  level  fluctu¬ 
ation  rms  values  for  water  path  data  than  spherical  fits  did. 
In  addition,  the  fourth-order  fits  were  better  able  to  accom¬ 
modate  small  equipment  misalignments.  Finally,  this 


FIG.  4.  Abdominal  wall  path  time  delay  differences  and  energy  level  fluctuations  for  measurements  at  room  and  body  temperature,  (a)  HAW36-66  and 
HAW36-67.  (b)  HAW54-64  and  HAW54-65.  (c)  HAW55-53  and  HAW55-54.  (d)  HAW57-51  and  HAW57-52.  For  each  specimen,  the  room 
temperature  results  are  shown  above  the  results  at  body  temperature.  The  format  and  scales  in  each  pair  of  panels  are  the  same  as  in  Fig.  2. 
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TABLE  in.  Abdominal  wall  path  statistics  for  room  and  body  temperature  measurements  (C— room  temperature,  H=body  temperature). 


Time  delay  differences  Energy  level  fluctuations 


Specimen 

Specimen 

rms 

99.5% 

Corr.  len. 

Corr.  len. 

rms 

99.5% 

Corr.  len. 

Corr.  len. 

(HAW 

thickness 

Run 

value 

value 

array  dir. 

elev.  dir. 

value 

value 

array  dir. 

elev.  dir. 

number) 

(mm) 

No. 

Temp. 

(ns) 

(ns) 

(mm) 

(mm) 

(dB) 

(dB) 

(mm) 

(mm) 

36 

15 

66 

C 

16.0 

47.0 

4.34 

5.25 

2.02 

5.84 

2.26 

2.01 

67 

H 

25.6 

76.6 

5.88 

6.92 

2.74 

8.08 

2.32 

2.20 

54 

20 

64 

C 

26.5 

88.9 

7.06 

7.24 

2.93 

9.05 

2.88 

2.18 

65 

H 

60.4 

195.3 

9.19 

11.94 

3.70 

9.42 

2.90 

2.48 

55 

25 

53 

C 

18.3 

52.6 

2.69 

3.99 

2.59 

7.14 

1.35 

2.52 

54 

H 

23.9 

72.5 

3.27 

4.43 

2.92 

7.68 

1.49 

2.15 

57 

15 

51 

C 

25.6 

71.8 

10.94 

7.51 

2.32 

6.68 

2.43 

1.81 

52 

H 

39.3 

119.4 

11.11 

7.58 

3.23 

11.31 

2.53 

2.19 

Room  temp. 

Avg.  thickness 

Mean 

18.8 

21.6 

65.1 

6.26 

6.00 

2.47 

7.18 

2.23 

2.13 

s.d. 

4.8 

5.2 

19.1 

3.60 

1.68 

0.39 

1.36 

0.64 

0.30 

Body  temp. 
Mean 

18.8 

37.3 

116.0 

7.36 

7.72 

3.15 

9.12 

2.31 

2.26 

s.d. 

4.8 

16.9 

57.0 

3.48 

3.12 

0.42 

1.64 

0.60 

0.15 

method  takes  into  account  slow  variations  across  the  plane 
of  the  receiving  aperture  but  is  relatively  uninfluenced  by 
more  rapid  fluctuations,  thus  leaving  the  important  higher 
spatial-frequency  information,  which  is  of  interest  here, 
intact. 

The  success  of  the  polynomial  fit  as  a  reference  for  the 
calculation  of  time  delay  due  to  geometry  is  evident  in  Fig. 
1.  The  water  path  waveforms  corrected  for  geometric  delay 
exhibit  only  minute  differences  in  ultrasonic  pulse  arrival 
time  in  both  the  array  and  elevation  directions,  while  the 
tissue  path  waveforms  corrected  for  geometric  delay  ex¬ 
hibit  local  arrival  time  variations  around  an  average  arrival 
time.  Thus,  the  polynomial  fit  has  both  corrected  for  geo¬ 
metric  path  and  retained  local  arrival  time  variations. 

The  water  path  results  in  Fig.  1(a),  Fig.  2,  and  Table 
I  show  the  absolute  level  and  variability  of  the  systematic 
and  random  errors  in  measurements  utilizing  an  ideal 
transmission  path.  The  water  path  data  indicate  that  the 
measurement  system  nonidealities  generally  contribute  less 
than  5  ns  of  rms  error  to  the  time  delay  measurements  and 
less  than  0.6  dB  of  rms  error  to  the  energy  level  fluctua¬ 
tions.  The  data  also  indicate  that  the  spatial  variation  of 
these  errors  is  dependent  on  differences  in  sensitivity 
among  elements  in  the  receiving  array  as  well  as  on  the 
source  that  was  employed.  The  uniformity  of  the  distortion 
maps  and  the  minimal  rms  values  again  demonstrate  the 
success  of  the  polynomial  fit  as  a  reference  for  the  calcu¬ 
lation  of  energy  level  fluctuations  and  time  delay  differ¬ 
ences. 

The  systematic  and  random  errors  associated  with  an 
ideal  transmission  path  are  small  relative  to  the  fluctua¬ 
tions  observed  in  tissue  path  measurements.  A  review  of 
the  data  in  Table  I-Table  IV  as  well  as  the  water  path  and 
specimen  data  in  the  bar  charts  comprising  Fig.  6  shows 
that  the  water  path  time  delay  difference  rms  and  99.5% 
values  both  average  about  one  ninth  of  those  measured  for 
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the  14  abdominal  wall  specimens  at  body  temperature,  and 
that  the  corresponding  energy  level  fluctuation  statistics, 
on  a  logarithmic  scale,  both  average  about  one  fifth  of 
those  measured  for  the  14  specimens.  Consequently,  sys¬ 
tem  error,  as  measured  for  the  water  paths,  does  not 
greatly  influence  the  time  delay  difference  and  energy  fluc¬ 
tuation  maps  for  tissue  path  studies. 

The  results  in  Fig.  3  and  Table  II  for  the  two  speci¬ 
mens  studied  on  a  single  day  without  removal  from  the 
sample  holder  describe  the  repeatability  of  tissue  path  mea¬ 
surements.  Although  the  time  delay  difference  and  energy 
level  fluctuation  maps  indicate  that  one  specimen 
(HAW65)  shifted  slightly  during  preparations  for  the  sec¬ 
ond  measurement,  the  rms  time  delay  difference  values  for 
the  two  measurements  on  this  specimen  differ  by  less  than 
2%  and  the  correlation  lengths  of  the  time  delay  differ¬ 
ences  agree  within  14%,  while  the  corresponding  energy 
level  fluctuation  amplitude  and  correlation  length  statistics 
differ  by  less  than  3%.  The  data  from  the  other  specimen 
(HAW42)  indicate  reproducibility  of  rms  time  delay  dif¬ 
ference  and  energy  level  fluctuation  values  to  1%  and 
0.3%,  respectively,  and  of  all  correlation  length  measure¬ 
ments  to  within  6%.  On  balance,  the  reproducibility  of 
measurements  without  removal  of  the  specimen  from  the 
holder  is  considered  very  good. 

The  other  repeated  study  data  in  Fig.  3  and  Table  II 
show  that  time  delay  difference  and  energy  level  fluctua¬ 
tion  measurements  are  relatively  unaffected  when  speci¬ 
mens  are  frozen  for  a  period  of  about  three  months.  While 
the  statistics  of  the  two  measurements  on  each  of  these 
specimens  vary  more  than  the  statistics  of  same  day  mea¬ 
surements  without  removal  of  the  specimen  from  the 
holder,  the  time  delay  difference  and  energy  level  fluctua¬ 
tion  maps  indicate  a  greater  difference  in  specimen  place¬ 
ment  for  each  study  repeated  after  three  months  than  in 
the  case  where  the  specimen  (HAW65)  was  inadvertently 
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FIG.  5.  Abdominal  wall  path  time  delay  differences  and  energy  level  fluctuations  for  14  different  specimens  studied  at  body  temperature,  (a)  HAW36-67. 
(b)  HAW37A-81.  (c)  HAW38-72.  (d)  HAW42-69.  (e)  HAW46-68.  (f)  HAW54-65.  (g)  HAW55-59.  (h)  HAW57-52.  (i)  HAW60-71.  (j)  HAW62- 
56.  (k)  HAW65-74.  (1)  HAW66-80.  (m)  HAW68-78.  (n)  HAW69-79,  The  format  and  scales  in  each  pair  of  panels  are  the  same  as  in  Fig.  2. 


shifted  without  removal  from  the  holder.  Given  the  effect 
of  the  small  inadvertent  shift  of  HAW65  on  its  measure¬ 
ment  statistics,  most  of  the  statistical  variation  in  these 
studies  is  attributed  to  changes  in  specimen  position  rela¬ 
tive  to  the  source  and  receiving  aperture  rather  than  to  the 
frozen  storage  of  specimens. 

Specimen  surface  irregularities  could  also  contribute 
to  measured  distortion  in  the  tissue  path  measurement  con¬ 
figuration  of  this  study.  However,  the  surfaces  of  all  the 
specimens  studied  were  smooth.  The  outer  layers  of  the 
abdominal  wall  are  skin  on  one  side  and  the  peritoneal 
membrane  on  the  other,  both  of  which  are  naturally 
smooth.  The  gentle  pressure  of  the  taut  membranes  of  the 
specimen  holder  against  the  pliant  and  almost  neutrally 
buoyant  specimen  maintained  this  smoothness  during  mea¬ 
surements.  Thus,  wavefront  distortion  due  to  surface  irreg¬ 


ularities  is  believed  to  be  negligible  in  the  measurements 
reported  here. 

Wave  front  distortion  may  similarly  be  induced  by  re¬ 
fraction  due  to  an  average  difference  in  sound  speed  be¬ 
tween  the  sample  and  the  surrounding  medium.  Two  tests 
were  carried  out  to  assess  the  magnitude  of  any  such  dis¬ 
turbance  in  the  tissue  path  measurements  reported  here.  In 
the  first,  received  pulse  amplitude  was  measured  across  the 
aperture  for  propagation  through  comparably  thick  sam¬ 
ples  of  abdominal  wall,  clear  gel,  and  gel  containing  graph¬ 
ite  scatters.  For  both  gel  samples,  the  amplitude  of  the 
transmitted  signal  fluctuated  insignificantly  across  the  ap¬ 
erture,  while  for  the  specimen,  the  amplitude  fluctuated 
with  position  as  in  the  tissue  path  data  shown  in  Fig.  5.  In 
the  second,  two  regular  distortion  measurements  were 
made  for  a  layer  of  oil  with  a  sound  speed  and  thickness 
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TABLE  IV.  Abdominal  wall  path  statistics  for  fourteen  different  specimens  studied  at  body  temperature. 


Time  delay  differences  Energy  level  fluctuations 


Specimen 

(HAW 

number) 

Run 

No. 

Specimen. 

thickness 

(mm) 

rms 

value 

(ns) 

99.5% 

value 

(ns) 

Corr.  len. 
array  dir. 
(mm) 

Corr.  len. 
elev.  dir. 
(mm) 

rms 

value 

(dB) 

99.5% 

value 

(dB) 

Corr.  len. 
array  dir. 
(mm) 

Corr.  len. 
elev.  dir. 
(mm) 

36 

67 

15 

25.6 

76.6 

5.88 

6.92 

2.74 

8.08 

2.32 

2.20 

37A 

81 

15 

28.2 

90.7 

5.88 

5.41 

3.14 

8.95 

2.03 

2,39 

38 

72 

10-25 

36.1 

100.4 

6.70 

8.47 

3.34 

8.92 

1.88 

2.73 

42 

69 

20 

42.2 

118.1 

8.65 

7.86 

3.50 

9.40 

1.97 

2.68 

46 

68 

35 

46.8 

138.7 

6.87 

8.41 

3.01 

8.32 

2.33 

2.05 

54 

65 

20 

60.4 

195.3 

9.19 

11.94 

3.70 

9.42 

2.90 

2.48 

55 

59 

25 

29.3 

98.7 

3.65 

4.65 

3.14 

8.27 

1.31 

2.08 

57 

52 

15 

39.3 

119.4 

11.11 

7.58 

3.23 

11.31 

2.53 

2.19 

60 

71 

10-30 

57.0 

160.8 

9.25 

9.37 

3.36 

8.61 

2.29 

2.05 

62 

56 

25 

42.7 

116.6 

7.40 

9.35 

3.19 

8.68 

2.58 

2.67 

65 

74 

15 

63.9 

187.1 

7.79 

16.59 

3.27 

8.11 

2.03 

1.92 

66 

80 

25 

45.3 

161.6 

5.94 

9.24 

3.38 

8.99 

2.26 

2.33 

68 

78 

20 

40.4 

125.0 

6.11 

9.61 

3.64 

9.18 

2.46 

2.30 

69 

79 

35 

44.3 

151.3 

5.93 

6.59 

3.53 

9.25 

2.26 

2.55 

Mean 

21.6 

43.0 

131.5 

7.17 

8.71 

3.30 

8.96 

2.23 

2.33 

s.d. 

6.8 

11.6 

35.8 

1.90 

2.93 

0.26 

0.82 

0.38 

0.26 

similar  to  those  of  the  specimens.  The  resulting  time  delay 
difference  and  energy  level  variation  plots  did  not  differ 
visibly  from  those  for  the  water  paths  shown  in  Fig.  2.  In 
each  case,  the  time  delay  difference  rms  value  was  within  1 
ns  of  the  4.7-ns  average  for  six  water  path  measurements 
(Table  I),  while  the  energy  level  fluctuation  rms  value  was 
within  0.05  dB  of  the  0.55-dB  average  for  the  water  paths 
(Table  I).  Based  on  these  tests,  the  conclusion  is  drawn 
that  wave  front  distortion  caused  by  refraction  at  the 
boundaries  between  water  and  specimens  studied  was  not 
significant. 

The  combination  of  water  path,  repeated  study,  and 
other  test  data  provide  good  evidence  that  the  measure¬ 
ment  system  and  tissue  handling  in  this  study  do  not  con¬ 
tribute  significant  error  or  artifact  to  the  values  of  time 
delay  differences  and  energy  level  fluctuations  presented 
here. 

A  comparison  of  the  room  and  body  temperature  time 
delay  difference  and  energy  level  fluctuation  data  in  Fig.  4, 
Table  III,  and  Fig.  6  shows  that  time  delay  differences  are 
appreciably  affected  by  temperature  while  energy  level 
fluctuations  are  less  affected.  However,  the  magnitudes  of 
both  the  time  delay  differences  and  energy  level  fluctua¬ 
tions  are  more  affected  by  temperature  than  are  the  spatial 
distributions.  For  example,  the  average  time  delay  differ¬ 
ence  rms  and  99.5%  values  each  rise  more  than  70%  with 
the  approximately  1 5  '"C  increase  in  temperature,  while  en¬ 
ergy  level  fluctuation  rms  and  99.5%  values  increase  about 
28%.  At  the  same  time,  the  average  time  delay  difference 
correlation  lengths  rise  about  23%,  while  those  for  the 
energy  level  fluctuations  change  less  than  5%.  The  ob¬ 
served  dependence  of  arrival  time  and  energy  level  varia¬ 
tions  on  temperature  indicates  that  in  vitro  measurements 
should  be  made  at  body  temperature  to  improve  simulation 
of  propagation  encountered  in  clinical  imaging. 

The  specimen  waveforms  that  are  presented  in  Fig. 


l(b)-(d)  were  selected  to  illustrate  the  range  and  combi¬ 
nations  of  distortion  encountered  in  the  group  of  14  inde¬ 
pendent  human  abdominal  wall  specimens  studied  at  body 
temperature.  The  HAW37A  waveforms,  which  have  rms 
time  delay  difference  and  energy  level  fluctuation  values  of 
28.2  ns  and  3.14  dB,  respectively,  exhibit  small  arrival  time 
and  energy  level  variations  compared  to  the  average  rms 
values  of  43,0  ns  and  3.30  dB  for  the  14  independent  spec¬ 
imen  studies.  The  HAW42  waveforms,  which  have  rms 
values  of  42.2  ns  and  3.50  dB,  respectively,  exhibit  moder¬ 
ate  arrival  time  and  high  energy  level  variations.  The 
HAW65  waveforms,  which  have  time  delay  difference  and 
energy  level  fluctuation  rms  values  of  63.9  ns  and  3.27  dB, 
respectively,  illustrate  high  arrival  time  and  moderate  en¬ 
ergy  level  fluctuations.  The  time  delay  difference  and  en¬ 
ergy  level  fluctuation  correlation  lengths  in  the  array  and 
elevation  directions  for  these  three  specimens  also  span  a 
range  of  values  and  can  be  found  in  Table  IV. 

The  time  delay  difference  and  energy  level  fluctuation 
maps  for  the  14  independent  body  temperature  studies  pre¬ 
sented  in  Fig.  5  provide  an  indication  of  the  variability  that 
may  be  encountered  clinically.  The  size  and  shape  of  fea¬ 
tures  and  the  absolute  magnitude  of  the  time  delay  differ¬ 
ences  vary  considerably.  Although  the  energy  level  fluctu¬ 
ation  maps  share  a  common  speckled  appearance,  the  size 
and  orientation  of  the  speckle  varies,  as  do  the  larger  fea¬ 
tures  that  are  sometimes  visible. 

The  time  delay  difference  statistics  in  Table  IV  and 
Fig.  6  describe  the  magnitude,  variability,  and  spatial  char¬ 
acteristics  of  the  arrival  time  distortion  measured  for  the 
14  specimens  at  body  temperature  quantitatively.  The  rms 
time  delay  difference  values  range  from  25.6  to  63.9  ns, 
with  an  average  of  43.0  ns,  while  the  99.5%  values  range 
from  76.6  to  195.3  ns,  with  an  average  of  131.5  ns.  The  rms 
and  99.5%  values  of  time  delay  differences  are  well  corre¬ 
lated,  each  99.5%  value  being  about  three  times  its  corre- 
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FIG.  6.  Summary  of  time  delay  difference  and  energy  level  fluctuation 
statistics.  In  each  chart,  the  average  and  standard  deviation  of  the  mea¬ 
surements  within  each  group  are  shown.  The  geometric  mean  of  the  array 
and  elevation  direction  correlation  lengths  has  been  used  to  compute  the 
correlation  length  statistics. 

spending  rms  value.  The  array  and  elevation  direction  cor¬ 
relation  lengths,  which  describe  the  size  and  orientation  of 
the  features  in  the  time  delay  difference  maps  of  Fig.  5, 
vary  widely.  Since  arrival  time  variations  are  caused  by  the 
specific  morphology  of  the  tissue  used  for  measurements 
and  since  the  specimens  were  taken  from  different  abdom¬ 
inal  wall  locations,  both  the  orientation  and  size  of  de¬ 
tected  features  are  unique  for  each  specimen  and  random 
among  the  group  of  specimens.  As  a  result,  the  average 
array  and  elevation  correlation  lengths,  at  7.17  and  8.71 
mm,  respectively,  are  roughly  equal,  given  the  size  of  their 


standard  deviations.  The  geometric  mean  of  the  array  and 
elevation  direction  average  time  delay  difference  correla¬ 
tion  lengths  is  7.90  mm. 

The  energy  level  fluctuations  produced  by  the  14  ab¬ 
dominal  wall  specimens  at  body  temperature  are  similarly 
characterized  by  the  data  in  Table  IV  and  Fig.  6.  The 
magnitude  of  energy  level  fluctuations  is  much  more  uni¬ 
form  from  specimen  to  specimen  than  that  of  the  time 
delay  differences.  The  average  rms  and  99.5%  values  are 
3.30  and  8,96  dB,  respectively,  with  standard  deviations  of 
only  0.26  and  0.82  dB,  respectively.  The  correlation 
lengths  are  less  variable  from  specimen  to  specimen  as  well, 
with  average  values  of  2.23  and  2.33  mm,  and  standard 
deviations  of  0.38  and  0.26  mm  in  the  array  and  elevation 
directions,  respectively.  The  geometric  mean  of  the  array 
and  elevation  direction  average  energy  level  fluctuation 
correlation  lengths  is  2.28  mm. 

Additional  information  about  wave  front  distortion  is 
provided  by  the  average  and  standard  deviation  of  the 
cross-correlation  peak  values  in  the  measurement  aperture. 
The  average  ( ±s.d.)  values  of  the  cross-correlation  peaks 
found  for  the  14  independent  tissue  paths  in  this  study 
were  0.88  (±0.03),  0.84  (±0.05),  and  0.83  (±0,05)  in 
the  array,  elevation,  and  diagonal  directions,  respectively. 
Corresponding  average  values  for  the  six  \vater  path  mea¬ 
surements  were  all  greater  than  0.99.  These  statistics  show 
that  the  shape  of  the  waveforms  is  altered  significantly  by 
ultrasonic  propagation  through  abdominal  wall. 

Time  delay  differences  and  energy  level  fluctuations 
like  those  reported  here  can  have  an  important  effect  on 
beam  formation  in  ultrasonic  systems  used  today  for  diag¬ 
nostic  imaging.  For  example,  consider  an  imaging  system 
that  has  a  3.75-MHz  center  frequency,  an  aperture  of 
30X  10  mm^  and  a  beamformer  with  time  delay  and  am¬ 
plitude  tolerances  of  A/ 10  and  1  dB,  respectively.  The 
43.0-ns  average  rms  time  delay  difference  is  about  1.6  times 
the  27  ns  value  of  A/10  while  the  3.3-dB  average  rms  en¬ 
ergy  level  fluctuation  is  more  than  three  times  the  1-dB 
amplitude  specification.  The  aperture  dimensions  range 
from  about  1  to  4  correlation  lengths  of  the  time  delay 
differences  and  from  about  4  to  13  correlation  lengths  of 
the  energy  level  fluctuations.  These  relationships  indicate 
that  the  magnitude  of  time  delay  differences  and  energy 
level  fluctuations  can  be  greater  than  design  specifications 
and  that  the  spatial  extent  of  the  aperture  can  result  in  the 
unintentional  random  (destructive  or  constructive)  sum¬ 
mation  of  signals. 

Overall,  the  results  for  the  14  different  specimens  show 
that  both  energy  level  fluctuations  and  arrival  time  varia¬ 
tions  can  arise  when  ultrasonic  pulses  traverse  the  human 
abdominal  wall  and  indicate  that  more  than  arrival  time 
compensation  is  required  if  ultrasonic  imaging  techniques 
are  to  achieve  in  vivo  resolution  limited  only  by  aperture 
and  pulse  characteristics. 

IV.  CONCLUSION 

Ultrasonic  pulse  wavefront  distortion  has  been  inves¬ 
tigated  by  recording  and  processing  transmitted  waveforms 
to  obtain  maps  and  statistics  of  both  time  delay  differences 
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and  energy  level  fluctuations  in  six  water  path  studies  and 
22  human  abdominal  wall  studies  that  employed  a  total  of 
14  different  specimens.  Comparison  of  water  path  and  tis¬ 
sue  path  results  indicates  that  the  measurement  system 
does  not  contribute  significant  error  to  time  delay  dilfer- 
ence  and  energy  level  fluctuation  values  in  the  tissue  path 
data.  Repeated  study  of  specimens  shows  that  the  results  of 
individual  tissue  path  measurements  are  reproducible,  and 
that,  while  measurements  depend  on  specimen  position, 
frozen  storage  of  a  specimen  for  a  period  of  3  months 
appears  to  have  no  appreciable  effect  on  the  time  delay 
differences  and  energy  level  fluctuations  produced  by  the 
specimen.  Appreciable  differences  between  time  delay  dif¬ 
ferences  and  energy  level  fluctuations  obtained  at  room  and 
body  temperature  indicate  that  in  vitro  measurements 
should  be  made  at  body  temperature  to  simulate  better  the 
propagation  conditions  encountered  in  clinical  imaging.  In 
fourteen  independent  tissue  path  measurements,  the  time 
delay  differences  had  an  average  rms  value  of  43.0  ns  and 
an  associated  correlation  length  of  7.94  mm,  while  the  en¬ 
ergy  level  fluctuations  had  an  average  rms  value  of  3.3  dB 
and  a  correlation  length  of  2.28  mm.  The  time  delay  dif¬ 
ferences  and  energy  level  fluctuations  appear  largely  un¬ 
correlated  in  the  reception  plane,  even  though  some  back¬ 
ground  variation  in  the  energy  level  fluctuation  is 
apparently  related  to  features  in  the  time  delay  difference 
maps.  In  addition,  the  time  delay  difference  patterns  are 
more  variable  among  specimens  than  are  the  energy  level 
fluctuations.  The  results  show  that  time  delay  differences 
and  energy  level  fluctuations  produced  by  human  abdom¬ 
inal  wall  can  be  appreciable  and  provide  important  new 
information  about  the  variety  and  range  of  wave  front  ar¬ 
rival  and  energy  variations  for  the  development  of  methods 
to  compensate  for  wave  front  distortion  in  abdominal  im¬ 
aging  applications. 
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Wavefront  Amplitude  Distortion  and  Image  Sidelobe 
Levels!  Part  I — Theory  and  Computer  Simulations 

Qing  Zhu,  Member,  IEEE,  and  Bernard  D.  Steinberg,  Life  Fellow,  IEEE 


Abstract— The  quality  of  an  imaging  system  is  degraded 
by  propagation  anomalies  that  distort  wavefronts  propagating 
through  the  medium.  Adaptive  phase-deaberration  algorithms 
compensate  for  phase  errors  in  the  wavefront.  The  algorithms 
suffer,  however,  when  the  wavefront  amplitude  is  also  significantly 
distorted.  This  paper  derives  a  theory  which  shows  that  the  rise 
of  image  background  level,  which  is  the  average  sidelobe  floor 
(ASF),  in  a  single  point-like  source  image  is  proportional  to  the 
amplitude  distortion  of  the  wavefront  and  inversely  proportional 
to  the  effective  number  of  array  elements.  From  the  theory,  the 
tolerance  to  the  amplitude  distortion  (after  the  phasefront  has 
been  corrected  by  a  deaberration  algorithm)  can  be  calculated 
based  on  the  design  requirement  of  the  sidelobe  floor  for  a 
given  array.  Computer  simulations  show  good  agreement  with 
the  theory.  Experimental  verification  of  the  theory  is  given  in  the 
companion  paper  [1]. 


I.  Introduction 

ULTRASONIC  WAVES  propapting  through  soft  tissue 
experience  wavefront  distortion.  Phasefront  distortion 
has  long  been  recognized  to  degrade  the  performance  of  an 
imaging  system  [2]-[9]  and  adaptive  phase-deaberration  algo¬ 
rithms  are  designed  to  correct  such  distortion  [10]— [15],  [26], 
However,  severe  amplitude  errors  can  not  be  compensated  by 
these  algorithms.  Since  phase  plays  a  vastly  more  important 
role  in  imaging  than  amplitude  [16]-[17],  phase-aberration 
correction  is  the  first  line  of  defense.  But  when  the  wavefront 
amplitude  error  is  severe  it  must  also  be  taken  into  account. 

There  is  little  published  literature  on  attempts  to  measure 
the  amplitude  distortion  of  wavefronts  in  tissue  phantoms 
or  in  vivo.  Notable  is  the  work  of  O’Donnell  and  Flax  [7] 
who  made  in  vivo  measurements  in  human  liver  of  several 
subjects  with  a  64-element  array  and  reported  0.11  and  0.16 
rms  wavefront  amplitude  distortion  in  high  and  low  quality 
images,  respectively.  From  these  measured  values  of  amplitude 
distortion,  they  concluded  that  “amplitude  variations  may 
not  be  a  significant  factor  in  clinical  image  quality  .  This 
conclusion  is  consistent  with  the  theory  developed  m  this 
paper  that  shows  that  these  small  values  lead  to  sidelobe 
floors  of  -37  and  -34  dB,  respectively,  for  a  64-element 
array.  Our  work  with  in  vivo  wavefront  measurements  of 
the  female  breast  shows  that  wavefront  amplitude  distortion 
is  significantly  higher.  The  rms  amplitude  distortion  varies 
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from  0.30  to  0.82  in  1708  samples  obtained  from  44  breasts 
[1].  The  sidelobe  floor  after  perfect  phase  correction  of  the 
wavefront  measurements  varies  from  -27  to  -15  dB  and 
the  peak  sidelobe  level  {PSL)  varies  from  —22  to  —5  dB 
for  an  array  of  the  same  size.  We  believe  that  the  primary 
reason  for  the  greater  amplitude  distortion  and  the  higher 
sidelobe  level  lies  in  the  nature  of  the  test  tissue.  Liver  is 
a  large  body  of  relatively  homogeneous  tissue  characterized 
by  local  density  variations.  Such  a  body  will  scatter  energy 
from  a  propagating  wave.  If  the  scattering  is  weak,  the 
primary  effect  upon  the  wavefront  is  distortion  of  the  phase, 
while  the  amplitude  is  relatively  unchanged.  To  the  extent 
that  such  a  model  characterizes  liver,  this  would  account 
for  the  observations  of  O’Donnell  and  Flax.  Female  breast, 
on  the  other  hand,  is  a  highly  refracting  medium.  It  is  not 
homogeneous,  not  even  in  a  statistical  sense.  It  contains 
many  interfaces  between  tissues  of  different  acoustic  speeds, 
involving  subcutaneous  fat,  glandular  tissue,  intramammary 
fat,  fibrous  tissue,  sometimes  cysts  and  tumors.  The  sharp 
changes  in  propagation  speed,  which  can  be  as  much  as  10%, 
cause  refraction  or  strong  scattering  which  in  turn  result  in 
beam  bending,  beam  splitting  or  overlapping  of  the  beams, 
leading  to  multiple  arrivals  at  the  receiving  transducer  from 
different  directions.  The  interference  that  follows  can  result  in 
severe  amplitude  distortion  of  the  wavefront,  as  well  as  phase 
distortion  [18],  [19], 

The  most  damaging  effect  of  severe  amplitude  distortion  is 
the  rise  of  the  sidelobe  level  in  the  image,  even  after  phase 
aberration  correction  is  applied.  High  sidelobes  can  destroy 
the  desired  contrast  in  the  image  and  make  it  impossible  to 
distinguish  between  normal  tissue  and  abnormal  tissue,  e.g., 
small  tumors  and  cysts.  The  theory  of  the  effect  of  random 
amplitude  errors  upon  the  sidelobe  level  of  the  radiation 
pattern  of  a  phased  array  has  been  developed  by  Steinberg 
[20],  [25].  The  effects  of  deterministic  amplitude  quantization 
errors  upon  the  sidelobe  level  of  the  radiation  pattern  have 
been  discussed  by  Bates  [21]. 

This  paper  shows  that  the  rise  in  the  ASF  in  a  single¬ 
source  image,  after  phasefront  compensation,  is  proportional 
to  the  wavefront  amplitude  variance  normalized  to  the  square 
of  its  mean  value  (normalized  variance)  at  the  receiving 
aperture  and  inversely  proportional  to  the  effective  number 
of  array  elements.  From  this  relationship  the  tolerable  level 
of  amplitude  distortion  can  be  calculated  in  terms  of  ASF 
design  requirements  for  a  given  array.  The  companion  paper 
[1]  reports  the  results  of  an  experiment  that  has  been  conducted 
to  measure  the  rise  of  sidelobe  level  in  the  image  as  a  function 
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of  the  distortion  of  the  wavefront  amplitude.  The  result  is 
consistent  with  the  prediction  of  the  theory. 

The  in  vivo  measurements  were  conducted  with  a  large 
acoustic  aperture  (9.6  cm)  at  the  Hospital  of  the  University  of 
Pennsylvania  (HUP).  The  female  breast  was  the  propagation 
medium.  The  measurements  show  severe  wavefront  amplitude 
distortion  in  addition  to  phasefront  distortion.  The  measured 
high  sidelobe  levels  indicate  that  either  the  wavefront  ampli¬ 
tude  distortion  must  be  compensated  by  an  adaptive  algorithm 
or  a  large  two-dimensional  array  with  more  than  1000  elements 
must  be  used. 

Section  II  derives  the  theory  relating  the  average  sidelobe 
floor  (ASF)  in  the  image  to  the  normalized  variance  of 
the  wavefront  amplitude  distortion  at  the  receiving  aperture. 
Section  III  validates  the  theory  with  computer  simulation. 
Section  IV  discusses  the  effect  of  residual  phase  errors  upon 
the  ASF.  Discussion  and  summary  are  in  Sections  V  and  VI. 

II.  Theory 

A.  Image  Formation 

Let  s{u)  represent  the  complex  angular  source  distribution, 
where  u  =  sin(^)  and  6  is  the  angle  from  the  array  normal.  Its 
complex  radiation  field  in  the  axis  of  the  receiving  array  in  a 
homogeneous  medium  is  the  inverse  Fresnel  transform  of  s(Lt), 
The  measured  field,  after  correcting  for  near-field  curvature, 
is  the  inverse  Fourier  transform  of  s{u) 

v{x)  =  F~^{s{u))  =  J  s{u)Q\p{—jkxu)du  (1) 

where  fc  =  27r/A,  A  is  the  wavelength  and  x  represents  position 
in  the  array.  The  measured  field  at  the  finite  receiving  aperture 
is  i{x)  =  w{x)v{x),  where  w{x)  is  the  aperture  weighting 
function.  The  weighting  function  describes  the  array  in  terms 
of  its  length,  the  amplitude  taper  introduced  for  sidelobe 
control,  and  the  number  of  array  elements  and  their  spacings. 
The  complex  image  is  the  Fourier  transform  of  i{x)y  that  is 

h{u)  =  F[i{x)]  =  F[w{x)v{x)] 

=  F[w{x)]  *  F[v{x)]  =  f{u)  *  s{u)  (2) 

where  f{u)  =  F[i{x)]  is  the  radiation  pattern  of  the  array 
and  *  denotes  convolution.  The  absolute  value  of  5/i('u)  is 
the  modulus  of  the  source  image.  The  subscript  h  denotes  the 
image  in  the  homogeneous  medium  in  which  the  propagation 
speed  is  the  same  everywhere.  If  the  source  approximates 
a  point  source,  the  complex  image  can  be  equated  to  the 
radiation  pattern  of  the  array. 

In  an  inhomogeneous  medium,  the  radiation  field  at  the 
receiving  array,  after  correcting  for  near-field  curvature,  is 

i{x)  =  aw{x)v{x)m{x)  (3) 

where  m{x)  is  the  medium  induced  distortion  and  a  is  a 
constant  to  reflect  any  signal  loss.  The  complex  image  is 

=  aF[w{x)v{x)m{x)]  ~  af{u)  *  s{u)  *  F[7n{x)]  (4) 

where  F[7n{x)]  =  fi{u)  is  the  angular  impulse  response  of  the 
medium,  which  can  (and  does)  vary  with  position  in  the  array. 


The  subscript  i  denotes  inhomogeneous  medium.  For  a  point¬ 
like  source,  the  complex  image  approximates  the  convolution 
of  the  radiation  pattern  of  the  array  and  the  angular  impulse 
response  of  the  medium. 

B.  Weak  Scattering 

In  the  weak  scattering  problem  most  of  the  energy  passes  the 
scattering  body  unaffected  while  a  small  portion  is  scattered. 
The  result  is  the  superposition  of  the  original  field  plus  a 
scattered  field,  and  the  wavefront  distortion  is  primarily  in  the 
phasefront.  The  medium  induced  distortion  m{x)  can  then  be 
modeled  as  a  quasirandom  phase  screen  at  the  receiving  aper¬ 
ture,  i.e.,  m{x)  =  exp(j/3(a;)).  Phase  deaberration  algorithms 
deduce  phase  distortion  information  from  the  wavefront  and 
create  a  compensating  weight  vector  rye  (a:),  which  approxi¬ 
mates  the  conjugate  of  m(x)  to  correct  the  phase  distortion, 
i.e.,  Weix)  =  exp(-j/3(a;))  where  is  an  estimate  of  /?,  The 
induced  signal  at  the  receiving  aperture  then  becomes 

i{x)  =  awc{x)w{x)v{x)m{x) 

=  aQ\p{-j^{x))w[x)v{x)txp{j(5{x)) 

^  aw{x)v{x).  (5) 

The  phase-compensated  complex  image  Sc('tt)  ^  * 

s{u),  which  approximates  the  diffraction-limited  image.  The 
subscript  c  denotes  phase  compensation. 

C.  General  Case 

In  the  general  case  (which  includes  strong  scattering  and 
refraction),  the  wavefront  amplitude  is  also  distorted.  There¬ 
fore,  it  is  appropriate  to  model  m{x)  as  a(a;)exp(j7?(x)), 
where  a{x)  is  an  amplitude  screen  at  the  receiving  aperture. 
The  weight  compensating  vector  tyc(a:)  obtained  from  the 
phase  deaberration  algorithms  corrects  the  phase  aberration  but 
leaves  the  amplitude  distortion  intact.  In  this  paper  we  assume 
that  phase  distortion  in  the  wavefront  has  been  corrected 
and  only  amplitude  errors  remain.  With  phase  deaberration 
complete,  the  signal  at  the  receiving  array  is 

i{x)  —  awc{x)w{x)v{x)m{x) 

=  a  exp  {-j P{x))w{x)v{x)a{x)  exp(j/3(a;)) 

« aw{x)v{x)a{x).  (6) 

The  phase-compensated  complex  image  is 

Sc(u)  =  F[i{x)] 

=  aF[w{x)v{x)a{x)] 

—  af{u)  *  s{u)  *  F[a{x)]  (7) 

instead  of  f{u)  *  s{u),  as  it  would  be  in  a  distortion  free 
medium. 

Thus,  significant  medium-induced  amplitude  distortion  a{x) 
can  induce  artifacts  in  the  image  |5c(w)|.  The  characteristics 
of  the  image  artifacts  that  are  of  primary  concern  are  ASF 
and  PSL.  A  quantitative  relation  between  ASF  and  the 
normalized  variance  of  a{x)  is  derived  in  part  D  of  this  section. 
In  the  companion  paper  [1]  the  relation  between  ASF  and 
PSL  is  determined  from  experiment.  Together  they  enable 
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US  to  assess  at  what  level  of  amplitude  distortion  the  phase- 
deaberration  algorithms  alone  are  useful. 

D.  Theory 

The  derivation  is  made  with  discrete  rather  than  continuous 
variables.  Thus  w{x)  is  replaced  by  w{n),  n  =  1,2, 
where  N  =  number  of  elements  in  the  array.  Three  assumptions 
are  made  (the  second  and  third  are  validated  experimentally 
for  the  single  source  in  the  companion  paper)  : 

1.  The  source  is  a  single  source. 

2.  Phase  errors  in  the  received  wavefront  are  successfully 
removed  by  a  phase-deaberration  algorithm  and  only 
amplitude  errors  remaiii. 

3.  The  a(n),  n  =  1, 2,  •  •  • ,  AT,  are  statistically  uncorrelated 
random  variables  with  a  common  probability  density 
function  (pdf). 

The  phase-deaberrated  complex  image  can  be  written  as 

N 

Sc{u)  =  aF[v{n)a{n)]  =  a  E  v{n)a{n)  sxp{jkndu)  (8) 

Tl=l 

where  the  aperture  taper  w{n)  has  been  chosen  as  unity. 

The  image  intensity  is  the  product  of  (8)  and  its  complex 
conjugate: 

N  N 

v{n)v*  (m)a(n)a(m) 

n—X  Tn=l 

X  s\p{jk{n  —  m)du) 

=  v{n)v*{n)a^{n) 

n=m 

-h  y^u(n)'U*(m)a(n)o(m)  txp{jk{n-m)du)} 

(9) 

The  ensemble  average  intensity  is 

Sc{u)s*{u)  =  u(n)v*(n)a2(n) 

n—m 

+  y^v{n)v*{m)a{n)a{m)exp{jk{n  -  m)du)} 
n^m 

=  ^  v{n)v*{n)a‘^{n) 

n—m 

+y^v{n)v*{m)a{n)a{m)Qxp{jk{n-rn)du)} 

n^m 

n=m 

+'^v{n)v* {m)a{n)a{m)  &xp{jk{n  -  m)du)} 

n^m 

=  a^{  '^v{n)v*{n){al)+Y^  v{n)v  *  (n)(a)^ 

n=m  n—m 

+  ^  'i;(n)'i;  *  (m) (a)^exp( jfc(n  -  m)du)} 

n^m 

=  v{n)v*{n){aly 

n—m 

-f  (a)^s/v('u)s^(u)}  (10) 


where  <7^  is  the  variance  of  a,a{n)a{m)  =  (a(n)a(m),  for 
n  ^  m,  because  of  the  assumption  that  a(n)  and  a(m) 
are  statistically  uncorrelated,  and  Sh(u)sl(u)  is  the  image 
intensity  obtained  through  a  homogeneous  medium. 

Equation  (10)  contains  an  angle-independent  term  and  a 
term  proportional  to  the  uncorrupted  image  intensity.  The 
first  term  is  the  theoretical  asymptotic  average  background 
level.  The  contrast  in  the  image  can  be  defined  as  the  ratio  of 
this  quantity  to  the  maximum  intensity  in  the  image,  denoted 
Sh(0)s);(0).  This  ratio  is  called  the  average  sidelobe  floor  or 
ASF,  which  is  given  by 


E!!^=iv(n)v*(n)  crl 


(11) 


Sh{0)  is  the  sum  of  the  measured  signal  samples  v{n).  There¬ 
fore  sh(0)sh(0)  =  'vi'n)  =  \Nvf>  where  v  is  the 

average  of  v.  Also,  22n=i  ~  N\v\^ .  The  ratio 

^  Define  B  i-y,  which  is  a  function 

s,.(0)s;(0)  WF- 

of  the  radiation  pattern  of  the  source.  Thus 


It  is  proportional  to  7  and  the  normalized  variance  of 
wavefront  amplitude  distortion  and  inversely  proportional  to 
the  number  of  the  array  elements.  N/j  can  be  interpreted  as 
the  effective  number  of  elements  N\ 

The  sidelobe  pattern  resulting  from  random  process  a{n)  is 
itself  a  random  process,  of  which  ASF  is  its  average  power 
level.  In  any  particular  pattern  the  peak  sidelobe  {PSL)  will 
be  larger.  In  vivo  experiments  in  breast  (see  companion  paper 
[1])  find  that  the  PSL  is  typically  7  dB  larger  than  ASF. 


E.  Analysis 

Equation  (12)  can  be  written  as 

2 

ASF\j^g  =  10logA5F  =  lOlog(^)  -b  lOlog(^)  (13) 

From  this  relation,  a  tolerable  threshold  to  wavefront  amplitude 
distortion  based  on  ASF  design  requirement,  after  phasefront 
correction,  can  be  established.  For  example,  if  the  required 

2  A-lOlog  X 

ASF  is  A  in  dB,  then  the  allowed  <10 
7  involves  the  geometry  of  the  source.  7  =  1  when 
s{u)  =  6{u-uo),  for  the  wavefront  in  a  homogenous  medium 
is  spherical  and  its  amplitude  is  the  same  everywhere.  For  any 
other  source  geometry,  7  >  1  and  consequently  the  ASF  rises. 
The  point  source  ,  therefore,  is 

ASF\^s  =  lOlog(^)  -HOlog(^)  (14) 

which  is  the  same  result  obtained  by  Steinberg  for  the  ASF  of 
a  phased  array  subject  to  amplitude  errors  in  its  weights  [20]. 
Under  this  condition,  ASF  is  affected  only  by  the  number  of 
array  elements  and  the  normalized  amplitude  variance  of  the 
wavefront. 

In  general  7  is  also  a  function  of  transducer  size  L  and, 
therefore,  the  number  of  elements  N  and  the  element  spacing 
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TABLE  I 

Reradiation  Profiles,  7  and  N* 


v(x) 

profiles 

r 

N' 

(l-(^)*)rect(L) 

Ld 

6il-06^ 

5L  W 

tri(T) 

,A. 

XT’  2  2 

-^  =  0.65^ 
3L'  XD 

d.  Let  the  size  of  a  source  or  target  be  T  and  its  reradiation 
beamwidth  be  approximated  by  A/T.  At  the  focal  distance 
D,  the  cross-section  of  the  reradiation  pattern  is  DX/T, 
which  can  be  larger  or  smaller  than  L,  When  DXjT  >>  L, 
the  entire  transducer  is  approximately  illuminated,  7  «  1 
and  the  effective  number  of  elements  =  iV.  In  this 
case  (14)  is  appropriate.  When  DX/T  <  L  the  problem  is 
more  complicated.  To  calculate  7  it  is  necessary  to  know 
or  assume  the  shape  of  the  reradiation  pattern  v  of  the 
target,  which  is  a  function  of  its  reflection  profile.  Fortunately 
the  exact  shape  is  not  very  significant  because  7  involves 
integrations  of  functions  of  1;,  and  integration  diminishes 
the  differences  in  7  attributable  to  different  v.  Consequently 
simple  calculations  are  sufficient  to  estimate  typical  values. 
To  demonstrate  the  relation  between  the  beamwidth  of  the 
reradiation  profile  'i;(n)  and  7  and  N\  we  use  two  simple 
functions  to  approximate  v{x),  a  parabola  and  a  triangle,  each 
of  base  L'  =  2D  A/T  <  L.  7  is  calculated  analytically. 
Column  1  in  Table  I  gives  the  two  reradiation  functions. 
Column  2  shows  the  profiles,  7,  third  column,  is  shown  to 
be  proportional  to  the  ratio  L/L'  =  NdT/2DX.  Thus  the 
larger  the  target  size  T,  the  higher  the  frequency,  the  shorter 
the  focal  distance  D  and  the  larger  the  element  spacing  d, 
the  larger  is  7,  the  smaller  is  the  effective  number  of  array 
elements  AT'  (column  4)  and  the  larger  is  the  ASF.  The 
— 3  dB  width  of  the  triangle  profile  is  narrower  than  that  of 
parabola.  This  difference  is  reflected  in  7  which  is  larger  in 
the  triangular  case  than  in  the  parabolic  case.  In  general,  a 
skinny  profile  will  produce  a  larger  7  than  a  fat  profile  for  the 
same  target  size,  focal  distance  and  aperture.  It  is  evident, 
however,  that  the  shape  of  v{x)  has  a  weak  influence  on 

7* 

Table  II  is  an  example  for  D  ==  120  mm,  iV  =  100 
and  d  —  1  mm.  A  rectangular  target  is  assumed,  for  which 
the  radiation  pattern  is  a  sync  function,  and  7  is  evaluated 
numerically  as  a  function  of  A/T.  Increasing  the  target  size 
narrows  its  reradiation  beamwidth,  which  increases  7  and  the 
ASF.  When  the  target  size  is  fixed,  increasing  the  frequency 
also  narrows  the  reradiation  beamwidth  and  increases  ASF. 
For  a  target  width  of  1  mm,  the  rise  in  the  ASF  at  3  MHz 
(A  «  0.5  mm  in  soft  tissue)  is  in  the  neighborhood  of  0.5  dB 
and  can  be  neglected,  but  it  increases  to  the  order  of  5-6  dB 
at  6  MHz  (A  «  0.25  mm),  which  is  normally  significant.  Thus 
this  factor  must  be  accounted  for  in  system  design. 


TABLE  II 

Effectof  A/T  ON  ASF:  D  =  120  mm,  N  =  100  mm,  and  d  =  1  mm 


XjT 

1 

Increase  in  ASF  (dB) 

0.25 

3.413 

5.33 

0.5 

1.136 

0.55 

1.0 

1.008 

0.03 

2.0 

1.005 

0.02 

TABLE  m 

Effect  of  D  on  ASF:  A/T  =  1/3,  iV  = 

100  mm,  and  d  =  1  mm 

D  (mm) 

7 

Increase  in  ASF  (dB) 

120 

1.787 

2.52 

100 

2.664 

4.26 

80 

4.291 

6.33 

60 

4.889 

6.89 

TABLE  IV 

Effect  of  N'  =  iV/7  on  ASF 

iV' 

102 

10^ 

10'* 

Increase  in  ASF 

-20  dB 

-30  dB 

-40  dB 

Table  III  lists  the  effect  of  D  on  ASF  for  the  same  aperture 
(N  =  100,  d  =  1  mm)  and  A/T  =  1/3.  The  decibel  increase 
in  ASF  almost  triples  when  the  focal  distance  D  is  reduced 
by  a  factor  of  two. 

Table  IV  lists  decrease  in  ASF  as  a  function  of  the  effective 
number  of  elements  N'. 

The  second  term  in  (13)  is  determined  by  the  propagation 
medium.  Weak  scattering  induces  a  small  but  acceptable 
perturbation  in  the  amplitude  of  the  wavefront  and  contributes 
little  to  the  ASF.  For  example,  a  radar  phase  deaberration 
experiment  published  in  1981  [22]  exhibited  a  0.05  rms  am¬ 
plitude  perturbation,  corresponding  to  =  2.5  x  10”^ 

or  —26  dB.  The  amplitude  rms  values  0.11  and  0.16  found  in 
human  liver  [7]  correspond  to  cr^/ (a)^  =  1.2  x  lO”^  and  2.6  x 
10“^  or  —19  and  -16  dB,  respectively.  In  the  general  case 
(which  includes  strong  scattering  and  refraction),  cr^/(a)^  can 
be  much  larger.  The  in  vivo  wavefront  experiments  in  breast 
found  that  the  pdf  of  a(n)  is  approximately  Rayleigh  [29].  For 
this  case,  therefore,  101og(<j^/(a)^)  =  101og((4  -  '7r)/7r)  = 
101og(0.27)  =  -5.7dB,  which  is  at  least  10  dB  higher 
than  the  weak  scattering  experiments  reported  above.  Hence 
an  algorithm  which  produces  satisfactory  sidelobes  in  weak 
scattering  is  likely  to  fail  when  operating  in  a  more  general 
distorting  medium,  unless  transducers  with  huge  numbers 
of  elements  are  employed.  All  known  phase  deaberration 
algorithms  have  this  failing. 

The  following  is  a  realistic  example  for  the  Rayleigh  case 
{al/{a)‘^  —  0.27).  Let  N  =  100  elements  and  consider  the 
favorable  situation  in  which  the  entire  array  is  illuminated  by 
the  reradiation  from  a  target,  for  then  7  —  1.  Assuming  further 
that  phase  deaberration  has  been  successfully  accomplished, 
ASF  from  (13)  is  -26  dB  and  PSL  would  be  about  7  dB 
higher  (from  experiment). 

In  this  theory  ASF  has  been  calculated  on  a  one-way 
propagation  basis.  It  may  be  casually  assumed  that  in  two- 
way  echo  scanning  the  sidelobe  levels  established  above 
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will  double  (in  dB),  in  which  case  the  ASF  and  PSL 
values  reported  above  may  suffice.  However,  this  will  not 
be  the  case  unless  the  transmitting  elements  weights  can  be 
adjusted  to  form  the  same  radiation  pattern  that  the  deaber¬ 
ration  procedure  gives  to  the  received  radiation  pattern.  In 
that  case  the  two-way  pattern  is  the  square  of  the  receiving 
pattern  and  the  sidelobe  levels  are  doubled.  Because  the 
distribution  is  unknown  a  prior,  an  iterative  procedure  must 
be  employed  to  achieve  sidelobe  doubling.  This  is  diffi¬ 
cult  to  achieve.  This  topic  is  discussed  further  in  Section 
V. 

Irrespective  of  how  the  target  is  illuminated,  if  the  modulus 
of  the  reradiation  field  develops  characteristics  that  approxi¬ 
mate  the  Rayleigh  distribution,  we  can  expect  an  ASF  and 
PSL  of  approximately  —26  dB  and  —19  dB,  respectively, 
for  an  array  of  100  elements.  Only  by  increasing  N  will  a 
successful  scanner  result.  A  2-D  design  is  a  way  to  preserve 
the  scale  of  the  transducer  while  increasing  the  number  of  the 
elements  to  iV  =  ==  10^.  With  the  scale  preserved,  7 

would  remain  at  unity  and  ASFkPSL  would  reduce  to  -46 
dB  and  -39  dB,  respectively.  These  values  are  more  useful 
for  high  contrast  and  high  dynamic  imaging. 

There  are  two  factors  that  affect  the  construction  of  phased 
arrays  with  huge  numbers  of  elements.  First  is  the  increased 
cost  associated  with  a  large  number  of  channels.  State-of- 
the-art  phased  array  scanner  currently  have  128  channels. 
Increasing  this  number  by  nearly  a  factor  of  80  may  not  be 
practical  or  affordable  with  current  techniques.  One  possible 
alternative  is  to  apply  the  synthetic  aperture  technique  to  the 
available  parallel  channels  and  thereby  form  large  synthetic 
subarrays  from  the  transducer  elements  [23],  [24].  The  trade 
off  is  between  the  increase  of  sidelobe  levels  due  to  target 
motion,  degraded  performance  of  phase-only  correction,  and 
the  reduction  of  sidelobe  levels  due  to  the  effective  increase 
in  the  number  of  elements. 

III.  Simulation  Results 

Computer  simulations  were  made  to  verify  the  relation 
derived  in  (13).  In  the  simulations,  we  chose  v{n)  =  1,  which 
corresponds  to  an  ideal  point-source  insonification.  a(n)  is 
generated  by  computer  for  2  pdfs,  Rayleigh  and  uniform  C/[0, 
2].  a{n)  and  a(m)  are  independent  for  n  ^  m.  All  phase 
errors  are  assumed  to  be  removed  by  a  phase  deaberration 
algorithm,  which  also  focuses  the  array  to  the  target  distance. 
Therefore  the  image  is  the  Fourier  transform  of  the  amplitude 
profile  a{n).  The  ASF  is  measured  outside  the  mainlobe 
region  in  the  image.  Fig.  1  shows  the  results  of  computer 
simulations  of  a  40-element  array.  The  Rayleigh  pdf  (Fig. 
1(a))  implies  that  strong  scattering  dominates  the  distortion 
process  while  the  uniform  pdf  I7[0,  2]  Fig.  1(b)  implies  that 
coherent  interference  dominates.  Each  experiment  yielded  a 
pair  of  points  ((j^/(a)^,  A5F),  which  was  plotted  in  the 
figures.  The  abscissa  is  cra/(^)^  ordinate  is  ASF,  The 

two  variables  prove  to  be  linearly  related  as  predicted  by  the 
theory.  The  expected  slope  is  IjN  =  0.025.  The  measured 
slopes  are  0.025  9  and  0.023  9,  which  agree  very  well 
with  the  theoretical  value.  The  standard  deviations  from  the 


y  .  0.002  +  0.0259X 


Measured  normalized  amplitude  variance 
(a) 


Measured  normalized  amplitude  variance 
(b) 

Fig.  I  Computer  simulations  showing  ASF  versus  (7^/(a)^.  The  abscissa 
is  (Tj/(a)^and  the  ordinate  is  ASF.  The  variables  are  linearly  related,  (a) 
Wavefront  amplitude  profile  obeys  the  Rayleigh  distribution,  (b)  Wavefront 
amplitude  obeys  a  uniform  distribution. 


regression  lines  are  0.001  and  0.000  97,  which  are  exceedingly 
small. 

The  correlation  coefficients  between  the  measured  pairs  of 
data  are  0.75  and  0.78,  which  are  far  beyond  the  critical  value 
for  a  0.1%  level  of  significance.  Therefore,  the  experimental 
linear  relations  in  Fig.  1  are  statistically  significant. 

The  measured  ASF'^  also  compare  favorably  with  the 
theory.  Equation  (14)  predicts  that  the  average  ASF  for  an 
ideal  point  source  and  a  40-element  array  is  -21.7  dB  for  the 
Rayleigh  distribution  and  -20.8  dB  for  the  uniform  U[0,  2] 
distribution.  The  measured  average  ASF's  are  —20.32  dB  and 
—  19.73  dB.  The  standard  deviations  are  0.89  dB  and  0.85  dB. 


IV.  Residual  Phase  Errors 

The  second  assumption  in  the  theory  was  that  the  phasefront 
errors  are  completely  compensated  by  a  phase  deaberration 
algorithm  and  only  amplitude  errors  remain.  However,  the 
phase  error  correction  may  not  be  complete  and  residual  phase 
errors  may  be  left.  Thus,  it  is  instructive  to  examine  the  com¬ 
bined  effect  of  residual  phase  error  after  phase  correction,  and 
amplitude  distortion.  Let  6(j){n)  =  P{n)  —  /3(n)  represents  the 
residual  phase  errors,  where  /?(n)  is  the  phasefront  error  and 
/3(n)  is  an  estimate  of  P{n)  created  by  a  phase  deaberration 
algorithm.  Similar  to  the  procedures  in  deriving  (12),  the 
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expression  for  ASF  is 


ASF  = 


cxp{j6M  )] 


exp(i5(/)) 


(15) 


exp(j5(/>)  is  less  than  unity  if  S(j>  ^  0.  Therefore  ASF  is 
2 

greater  than  when  phase  correction  is  not  complete.  For 

modest  residual  phase  errors  with  variance  a?  (15)  reduces  to 


For  point  source  insonification,  7  —  1  and  (15)  &  (16)  are 
same  results  obtained  by  Steinberg  for  the  ASF  of  a  phased 
array  subject  to  amplitude  and  phase  errors  in  its  weights  [20]. 


V.  Discussion 

One  of  the  potentially  attractive  features  of  ultrasound 
imaging  of  the  breast  is  the  ability  of  ultrasound  to  readily 
distinguish  between  tumors  and  cysts.  A  cyst  consists  of  clear 
fluid  encapsulated  in  a  nearly  spherical  membrane.  Having  no 
tissue  within  the  membrane,  no  echos  result  from  insonifica¬ 
tion.  Tumors,  however,  scatter  ultrasound  and  usually  appear 
speckled.  Therefore,  in  principle,  the  distinction  can  be  readily 
made  in  the  image. 

To  achieve  this  desired  condition,  however,  the  average 
sidelobe  level  of  the  system  should  be  the  order  of  -50  dB  or 
lower  to  ensure  that  sidelobe  energy  does  not  appear  within  the 
image  of  the  cyst.  In  Section  II  it  was  shown  that  for  an  array 
of  100  elements  the  expected  sidelobe  level  is  approximately 
—26  dB.  There  are  three  approaches  to  reduce  this  level  to 
the  —50  dB  neighborhood.  The  first,  discussed  in  the  next 
paragraph,  is  through  transducer  design;  the  second  and  the 
third  are  algorithmic. 

The  theory  was  developed  for  one-way  propagation.  When 
applied  to  echo  scanner  design,  this  model  implies  broad- 
beam  insonification.  This  design  permits  the  simplest  form 
of  adaptive  weight  control  because  only  the  receiving  weights 
need  to  be  controlled.  To  reduce  the  sidelobe  floor  to  a  useful 
level,  the  conventional  transducer  must  be  replaced  by  a  2-D 
transducer  of,  say,  100  x  100  elements.  This  would  drop  the 
floor  another  20  dB  while  preserving  the  scale  of  the  trans¬ 
ducer.  The  development  of  2-D  array  technology  is  already 
underway  and  such  a  design  can  be  anticipated  in  the  future. 

The  second  approach  is  to  use  an  adaptive  iterative  proce¬ 
dure  for  the  transducer  weights  so  that  the  transmitting  beam 
pattern  and  the  receiving  beam  pattern  are  identical.  The  result 
is  a  squaring  of  the  side  radiation  pattern  or  a  doubling  of  the 
level  in  decibels.  The  iterative  phase -deaberration  procedure 
developed  in  [10]  belongs  to  this  category  and  was  reported 
to  be  successful  in  liver.  This  is  a  highly  desirable  condition. 
To  work  properly,  the  initial  transmitting  beam  must  have  a 
reasonably  good  pattern;  it  must  have  a  well  defined  mainlobe, 
although  its  sidelobe  radiation  pattern  can  be  high.  This 
condition  is  achieved  in  a  weak  scattering  medium  such  as 
liver,  but  not  in  a  refractive  medium  such  as  breast.  Therefore, 
in  the  general  case  of  a  complicated  wavefront  resulting  from 
medium  distortion,  a  satisfactory  initial  transmitting  beam  may 


not  be  formed  and,  as  a  result,  the  iterative  procedure  may  or 
may  not  converge.  Recently,  Fink  et  al.  [26],  [27]  demon¬ 
strated  that  an  iterative  time  reversal  procedure  can  improve 
focusing  through  an  inhomogeneous  medium  when  the  insoni- 
fied  volume  contains  a  strong  reflector.  This  technique  was 
demonstrated  in  lithotripsy  experiments  but  it  has  limited  use 
in  breast  imaging,  as  well  as  in  other  soft  tissue,  because  strong 
reflectors  are  not  generally  found  there.  In  the  cases  where  a 
strong  reflector  can  be  found,  the  time  reversal  procedure  also 
requires  a  proper  initial  transmitting  beam  to  ensure  that  opti¬ 
mal  focusing  on  the  reflector  can  be  achieved  through  iteration. 
It  was  shown  in  [28]  and  [15]  that  an  initial  transmitting  beam 
with  a  proper  mainlobe  can  be  obtained  through  the  use  of  a 
phase  conjugation  algorithm  [11]  when  the  normalized  wave- 
front  amplitude  variance  is  less  than  0.12  or  the  rms  less  than 
0.35.  The  time  reversal  procedure  is  the  generalized  version 
of  a  phase  conjugation  algorithm.  However,  in  vivo  wavefront 
measurements  of  the  breast  [1]  show  that  only  2.8%  of 
the  wavefronts  satisfy  this  wavefront  amplitude  requirement. 
Therefore  optimal  focusing  on  a  strong  reflector  embedded  in 
a  breast  may  or  may  not  be  achieved  through  iteration. 

The  third  approach  is  to  invent  stronger  algorithms  that 
correct  both  wavefront  amplitude  and  phase  distortions.  This 
is  a  topic  for  future  research. 

The  ASF  theory  is  developed  for  single  source  insonifica¬ 
tion.  It  is  also  applicable  to  multiple  sources  or  scatterers,  in 
which  one  is  very  large  compared  to  all  the  rest.  The  situation 
is  very  different  in  the  other  extreme  in  which  there  is  a  large 
number  of  scatterers,  say  K,  from  the  same  population.  In 
this  case  each  produces  a  sidelobe  background  governed  by 
the  ASF  theory  and,  as  a  result,  the  total  background  level  can 
grow  by  as  much  as  a  factor  of  K,  The  maximum  value  of  K 
is  the  order  of  the  number  of  azimuthal  resolution  cells  in  the 
scanning  sector,  which  differs  markedly  according  to  whether 
the  transmitter  and  receiver  beam  patterns  are  different  or  the 
same.  In  the  former  case,  A0t  =  transmitting  beamwidth  and 
=  X/L  =  receiving  beamwidth,  and  let  AOt  ^  A^t-. 
Then  Kmax  =  LA9t/X.  In  broadbeam  transmission,  A9t  is 
nominally  the  order  of  one  radian,  making  i^max  ~  L/X, 
which  in  our  experiment  is  approximately  100.  By  replacing  a 
single  source  with  100  sources  from  a  common  population  the 
background  level  can  increase  by  20  dB.  A  further  increase 
in  ASF  can  be  anticipated  because  complete  phase  correction 
can  not  be  assumed  in  this  case  and  some  residual  phase  errors 
may  be  left.  One  factor  works  in  favor  of  this  case,  however, 
for  7  will  be  approximately  unity  if  no  source  or  scatterer  is 
significantly  stronger  than  any  other. 

With  an  adaptive  iterative  procedure  that  forces  the  transmit¬ 
ting  and  receiving  patterns  to  be  the  same,  A9t  is  the  available 
angular  resolution  of  the  transducer,  which  is  X/L.  In  this  case 
Fma.x  ^  1  and  the  ASF  theory  developed  in  this  paper  again 
pertains. 

VI.  Summary 

The  theory  of  the  rise  in  the  image  background  level  (ASF) 
as  a  function  of  wavefront  amplitude  distortion  is  derived  for 
a  single  source  image.  From  it  one  can  estimate  the  effect  of 
wavefront  amplitude  distortion  upon  the  image  contrast  and 
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assess  the  usefulness  of  known  phase  deaberration  algorithms. 
It  is  found  that,  after  phasefront  errors  are  removed,  the  ASF 
is  proportional  to  the  normalized  variance  of  the  wavefront 
amplitude  distortion  and  inversely  proportional  to  the  effective 
number  of  array  elements.  In  the  general  distortion  case,  where 
strong  scattering  and  refraction  may  be  present,  the  ASF  rises 
to  the  mid  of  —20  dB’s  for  a  100-element  array.  PSL  is 
higher  still  by  about  7  dB.  These  levels  are  undesirably  high. 
One  possible  means  to  reduce  the  sidelobe  level  is  to  develop 
stronger  algorithms  that  compensate  for  amplitude  as  well  as 
phasefront  distortion.  An  alternative  means  is  through  the  use 
of  a  2-D  100  X  100  element  array,  which  provides  a  100-fold 
increase  in  the  number  of  elements  and  reduces  the  sidelobe 
levels  to  those  of  the  weak  scattering  case. 

When  residual  phase  errors  remain  following  phase  deaber¬ 
ration,  ASF  is  proportional  to  the  sum  of  the  normalized 
amplitude  variance  and  the  residual  phase  variance. 
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Abstract — The  theoretical  relationship  between  the  average 
sidelobe  floor  (ASF)  in  the  image  and  the  medium-induced  ampli¬ 
tude  variance  of  the  wavefront  was  developed  In  the  companion 
paper  [1].  This  paper  describes  in  vivo  measurements  of  the  rise 
of  the  sidelobe  level  in  a  single-source  image  obtained  through 
the  female  breast  as  a  function  of  the  distortion  of  the  wavefront 
amplitude.  The  measured  sidelobe  levels  are  the  ASF  and  the 
peak  sidelobe  level  (PSL).  The  ASF  is  shown  to  be  proportional  to 
the  variance  of  the  modulus  of  the  wavefront  normalized  to  the 
square  of  its  mean  value,  with  a  proportionality  constant  close 
to  the  value  predicted  by  theory.  The  PSL  similarly  increases 
linearly.  The  average  ratio  of  PSL  to  ASF  is  5  (7  dB). 


I.  INTRODUTION 

PHASEFRONT  deaberration  algorithms  [2]-[9]  correct 
phase  errors  in  the  wavefront  but  not  wavefront  amplitude 
distortion.  Amplitude  distortion  increases  the  sidelobe  level  in 
the  image.  Given  the  sidelobe  specifications  for  a  scanner,  the 
ASF  theory  of  the  companion  paper  [1]  and  measurements 
of  ASF  and  PSL  reported  in  this  paper  disclose  the  tolerable 
level  of  wavefront  amplitude  distortion  such  that  the  sidelobes 
will  not  exceed  design  limits.  In  the  experiments  reported,  the 
phasefront  errors  are  removed  by  using  the  spatial  correlation 
algorithm  (SCA)  [3],  [5],  [8]  or  the  dominant  scatterer  algo¬ 
rithm  (DSA)  [2],  both  developed  at  the  Valley  Forge  Research 
Center  (VFRC).  The  correlation-based  algorithm  described  in 
[4]  is  easily  shown  to  have  the  same  basis  as  the  SCA. 

The  following  section  describes  the  experimental  methods. 
Section  III  shows  the  experimental  results.  Discussion  and 
conclusion  are  in  Sections  IV  and  V. 

II.  Experimental  Methods 

The  experiment  was  designed  to  measure  the  wavefront 
radiating  from  a  single  source  through  a  distorting  medium 
and  to  image  the  source  after  applying  either  the  SCA  or  the 
DSA  phase  deaberration  algorithm  to  correct  the  phasefront 
distortion.  The  quantities  measured  were  the  normalized  am¬ 
plitude  variance  of  the  wavefront  and  the  ASF  and  PSL  in 
the  image.  The  female  breast  was  chosen  for  the  propagation 

Manuscript  received  October  19,  1992;  revised  March  31,  1993;  accepted 
April  1  1993.  This  work  was  supported  by  the  Commonwealth  of  Pennsyl¬ 
vania,  Interspec,  Inc.,  Ambler,  PA,  and  by  the  National  Science  Foundation 
under  Grant  BCS92-09680. 

Q.  Zhu  and  B.  D.  Steinberg  are  with  the  Valley  Forge  Research  Center, 
The  Moore  School  of  Electrical  Engineering,  University  of  Pennsylvania, 
Philadelphia,  PA  19104-6390.  ^ 

R.  L.  Arenson  was  with  the  Department  of  Radiology,  University  or 
Pennsylvania,  Philadelphia,  PA.  He  is  now  with  the  Department  of  Radiology 
of  the  University  of  California,  San  Francisco,  CA  94143-0628. 

IEEE  Log  Number  9209832. 


mediurn,  one  reason  being  that  it  was  possible  to  introduce  a 
source  on  one  side  of  the  breast  and  to  measure  the  distorted 
wavefront  from  the  opposing  side. 

Part  A  describes  in  vivo  wavefront  measurement  and  near¬ 
field  focusing  of  the  wavefront.  Part  B  discusses  phasefront 
deaberration  and  the  sidelobe  measurement  in  the  image 
following  phase-deaberration  of  the  wavefront  measurements. 
Part  C  describes  measurement  of  the  wavefront  amplitude 
distortion. 

A.  Wavefront  Measurement  and  N ear- Field 
Focusing  of  Wavefront 

L  Wavefront  Measurement:  Fig.  1  illustrates  the  in  vivo 
experiment.  A  single  source  (a  transducer  element  in  the 
transmitting  array)  radiates  ultrasonic  waves  to  a  linear  array  at 
a  distance  of  120  mm.  The  transmitting  frequency  was  3  MHz. 
The  width  of  the  source  T  was  1.49  mm.  The  ratio  A/T=  1/3, 
implying  that  the  beamwidth  was  approximately  1/3  radian. 
The  active  receiving  aperture  was  96  mm  with  64  elements. 
The  element  spacing  was  1.5  mm.  The  height  of  the  element 
was  10  mm.  Transmission  was  a  sequence  of  64,  16-^s  pulses 
spaced  by  200  /zs.  Reception  across  the  entire  aperture  was 
by  synthetic  aperture:  Each  of  64  adjacent  receiving  elements 
received  and  stored  one  of  the  transmissions.  At  each  receiving 
element,  the  received  RF  pulses,  after  propagating  through  the 
medium,  were  coherently  demodulated  by  multiplication  with 
an  internal  oscillator.  The  analog  in  phase  and  quadrature 
values  were  measured  relative  to  the  transmitted  pulse  and 
integrated  for  18  fis.  The  analog  data  were  digitized  by  using 
two  high  speed  8-bit  A/D  converters  (MAX-150  IC’s).  In  this 
way  the  complex  wavefront  across  the  receiving  aperture  was 
measured.  A  total  of  64  complex  values  is  called  a  single 
source  profile  (SSP).  The  total  data  acquisition  time  for  one 
SSP  was  0.0128  s.  The  long  receiving  window  (18  fis)  was 
used  to  match  the  long  transmitted  pulse.  Thus  the  overall 
frequency  response  of  the  transmitter  and  the  receiver  was 
about  60  kHz.  The  narrowband  waveform  was  employed  to 
avoid  a  possible  frequency  selective  effect  upon  wavefront 
distortion^ 

A  distorting  medium,  a  female  breast,  was  inserted  into 
the  reservoir  between  the  source  and  the  array.  A  liquid  path 
assembly  was  chosen  because  of  the  huge  transducer  assembly 
employed  and  the  difficulty  to  keep  good  contact  between  the 

^  Wideband  measurements  were  also  made  to  test  the  effect  of  bandwidth 
upon  the  complexity  of  the  wavefront.  Discussion  of  the  comparison  between 
the  results  is  deferred  to  Section  IV  A,  so  as  not  to  break  the  continuity  of 
the  discussion  of  the  in  vivo  measurement  procedure. 
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Cross-Section  of  Breast 


Fig,  1.  Wavefront  distortion  measurement  with  single  source  insonification. 
Z  is  the  wave  propagation  direction,  X  is  the  transducer  direction  and  Y  is 
perpendicular  to  X  and  Z. 

linear  transducers  and  the  cylindrically  shaped  breast,  Johnson 
and  Johnson  baby  oil  filled  the  reservoir.  This  oil,  which 
reportedly  has  a  sound  speed  of  1430  m/s  [10],  was  used 
to  match  the  speed  of  sound  of  subcutaneous  fat  (1440  m/s) 
and  consequently  to  reduce  refraction  at  the  skin  surface.  The 
SSP  through  oil  alone  was  also  taken  for  each  experiment  for 
system  calibration  and  focusing  purposes. 

Because  the  beamwidth  of  the  source  is  about  1/3  radian,  the 
measured  wavefront  is  primarily  confined  within  this  angular 
sector.  To  study  the  wavefront  distortion  properties  through 
various  angular  sectors,  several  transmitter  elements  located 
in  the  middle  of  the  transmitting  array  were  used  in  sequence. 
A  stepping  motor  moved  the  transducer  assembly  up  and  down 
in  the  elevation  direction  (Y  in  Fig.  1,  which  is  toward  and 
away  from  the  chest  wall  of  the  volunteer).  The  intervals  were 
either  1/2  cm  or  1  cm.  By  sequencing  the  transmitting  sources 
at  each  elevation  level,  a  large  volume  of  breast  was  insonified. 

Twenty-two  subjects  (44  breasts)  were  selected  from  43 
volunteers  measured  at  the  Hospital  of  the  University  of 
Pennsylvania  (HUP).  Fourteen  were  premenopausal  women 
and  eight  were  postmenopausal.  These  44  breasts  were  large 
both  in  length  and  in  cross  section  to  ensure  good  contact 
between  transducers  and  tissue.  This  choice  reduced  refraction 
due  to  breast  curvature.  For  each  breast,  27^5  SSP’s  were 
selected  from  several  elevation  levels  close  to  the  chest  wall. 
A  total  of  1708  SSP’s  were  obtained. 

2.  Near-Field  Focusing  of  the  Wavefront:  In  our  experi¬ 
ment,  the  source  was  located  in  the  near  field  of  the  receiving 
array  and  a  focusing  vector  Wf  was  applied  to  each  of  the 
measured  SSP’s  both  through  oil  and  tissue.  For  each  SSP 
Wf  is  chosen  as  the  conjugate  of  the  phase  profile  measured 
through  oil.  As  a  result,  Wf  contains  the  near-field  geometry 
of  the  source  relative  to  the  receiving  array,  as  well  as  system 
errors  which  arise  from  geometrical  and  electrical  errors  in 
array  elements  and  circuitry.  Wf  is  then  applied  to  the  SSP’s 
obtained  both  through  oil  and  tissue.  The  corrected  SSP  is 
denoted  FSSP;  it  is  focused  and  also  free  of  all  system  errors. 
The  images  of  the  source  obtained  through  oil  and  tissue  are 
the  Fourier  transforms  of  the  corresponding  FSSP’s  [1]. 

Fig.  2(a)  and  (b)  show  examples  of  measured  wavefronts 
obtained  through  oil  andtissue.  Fig.  2(a)  shows  measured 
amplitude  profiles,  i.e.,  moduli  of  wavefronts,  through  oil 
(dashed)  and  through  tissue  (solid).  The  amplitude  profile 
through  oil  is  smooth  and  shows  the  expected  diffraction 
pattern  of  the  transducer  element,  while  the  amplitude  profile 


through  tissue  is  jagged  and  has  nulls  in  the  high  energy 
region  that  are  likely  due  to  phase  cancellations.  Fig.  2(b) 
shows  phase  profiles,  unwrapped  in  the  middle,  measured 
through  oil  (dashed)  and  through  tissue  (solid).  The  phase 
profile  obtained  through  oil  reflects  the  near-field  curvature  of 
the  transmitter  relative  to  the  receiving  array,  while  the  phase 
profile  through  tissue  contains  two  linear  components,  one  to 
each  side  of  center,  superimposed  on  the  near-field  curvature 
and  perturbations.  These  linear-phase  steering  factors  cause 
two  lobes  to  appear  in  the  image  (Fig.  2(e)  solid).  The  steering 
factors  are  caused  by  refraction  at  interfaces  of  different  types 
of  tissue  with  different  speeds  of  sound.  Focusing  the  array 
through  oil  or  tissue  involves  subtracting  the  oil  phase  (dashed) 
from  the  corresponding  SSP.  The  tissue  FSSP  that  results  has 
the  amplitude  profile  of  Fig.  2(a)  (solid)  and  a  phase  profile 
equal  to  the  difference  between  the  curves  of  Fig.  2(b).  This 
difference  is  denoted  as  /?(n).  It  is  due  to  the  intervening 
tissue  and  is  largely  corrected  by  the  SCA  or  the  DSA.  /3(n) 
is  shown  in  Fig.  2(c). 

B.  Phasefront  Correction  and  Sidelobe  Measurement 
in  the  Image  of  Phase-Deaberrated  Data 

To  separately  measure  the  effect  of  amplitude  distortion 
upon  the  image  sidelobe  level,  the  phasefront  errors  are  first 
removed,  Phasefront  deaberration  of  each  FSSP  through  tissue 
is  accomplished  by  the  SCA  [3],  [5],  [8]  and/or  the  DSA  [2]. 
Both  give  substantially  the  same  result. 

SCA.'  Following  the  notation  introduced  in  [1],  the  complex 
radiation  field  sampled  at  the  nth  element,  after  propagation 
of  the  wavefront  through  tissue  and  corrected  for  near-field 
curvature,  is 

i{n)  =  av{n)m{n)  =  av{n)a{n)  exp  (j/3(n)).  (1) 

v{n)  is  the  sampled  radiation  field  at  the  nth  element,  after 
propagation  of  wavefront  through  oil  and  corrected  for  near- 
field  curvature,  i.e.,  it  is  the  FSSP  through  oil.  m(n)  is  the 
medium-induced  wavefront  distortion  with  amplitude  a[n) 
and  phase  /3(n),  and  a  is  a  constant  to  reflect  any  signal 
loss,  i{n)  is  in  error  because  of  the  wavefront  distortion 
m(n).  The  components  of  the  proper  phase  compensation  are 
Wc{n)  =  exp{-jP{n)),  The  SCA  captures  the  phase  distor¬ 
tion  information  from  the  spatial  correlation  information  and 
discloses  the  /3(n)  to  solve  the  phase  aberration  problem  (the 
procedure  is  described  in  more  detail  in  Appendix  A).  Note 
that  phase  aberration  correction  alone  does  not  compensate 
for  the  amplitude  distortion  a{n). 

DSA:  The  phase  compensation  vector  Wc{n)  derived  from 
the  DSA  is  the  phase  conjugate  of  av{n)m{n),  which  is 
exactly  exp  (— j/?(n)).  The  compensation  is  perfect  for  a 
wavefront  derived  from  a  point  source. 

Fig.  2(d)  shows  the  phase  profiles  after  the  SCA  (solid) 
and  the  DSA  (zero)  are  applied  to  the  /3(n)  in  Fig.  2(c), 
which  is  the  phase  error  caused  by  tissue.  The  profiles  in 
Fig.  2(d)  are  constant.  Fig.  2(e)  shows  the  images  obtained 
through  oil  (dashed)  and  through  tissue  (solid)  prior  to  phase 
aberration  correction.  The  images  obtained  through  tissue  after 
both  SCA  and  DSA  correction  are  shown  in  Fig.  2(f).  Both 
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TABLE  I 

SiDELOBE  Levels  of  Image  of  Single  Transducer. 


Propagation 

Medium 


Phase 

Abberation 

Correction 


Oil  None 


Tissue  None 

Tissue  SCA  or  DSA 


ASF 


-37.4  dB 
-9.6  dB 
-19,8  dB 


PSL 


-31.3  dB 
-2.4  dB 
-15.2  dB 


images  are  the  same.  In  Fig.  2(e)  and  (f),  the  abscissa  is  the 
lateral  distance  in  the  transmitting  array  centered  at  the  source 
position.  The  image  through  oil  shows  the  expected  diffraction 
pattern  of  the  transducer  element  convolved  with  the  radiation 
pattern  of  the  receiving  array  [1],  Sidelobes  are  very  small. 
The  PSL  is  —31.3  dB  and  the  ASF  is  —37.4  dB.  The  ASF 
is  measured  outside  of  the  mainlobe  region.  These  sidelobe 
levels  are  typical  of  images  obtained  through  oil.  The  image 
through  tissue,  which  is  the  Fourier  transform  of  the  amplitude 
profile  (solid)  in  Fig.  2(a)  and  the  phase  difference  of  Fig. 
2(c),  shows  multiple  lobe  artifacts  which  we  believe  were 
primarily  caused  by  refraction  [11].  PSL  and  ASF  are  —2.4 
and  —9.6  dB,  respectively.  The  SCA  and  the  DSA  corrected 
images  are  Fourier  transforms  of  the  amplitude  profile  (solid) 
in  Fig.  2(a)  and  the  phase  deaberrated  profiles  in  Fig.  2(d). 
The  images  after  the  SCA  or  the  DSA  correction  are  improved 
significantly  but  the  sidelobes  are  very  high.  In  this  case  the 
PSL  is  -15.2  dB  and  the  ASF  is  -19.8  dB.  Because  all  phase 
errors  have  been  corrected,  these  high  sidelobe  levels  are  due 
to  the  amplitude  distortion  of  the  wavefront^.  Table  I  lists  these 
sidelobe  levels. 

Occasionally,  the  SCA-coirected  phase  profile  differs  from 
a  constant  because  a  random  phase  discontinuity  sometimes 
occurs  within  either  one  or  both  low  energy  portions  indicated 
by  the  outer  arrows  in  Fig.  2(a).  However,  such  a  phase  dis¬ 
continuity  does  not  significantly  affect  image  quality  because 
the  low  amplitude  values  in  the  two  regions  contribute  little 
to  the  image. 

Among  1708  SCA-deaberrated  phase  profiles,  92%  of  them 
were  constant  and  8%  of  them  had  a  discontinuity  in  either 
one  or  both  of  the  two  low  energy  portions,  the  fact  that  the 
overwhelming  majority  of  the  SCA-corrected  phase  profiles 
were  constant  indicates  that  the  SCA  provided  complete  com¬ 
pensation  down  to  the  level  of  measurement  of  the  system. 
Thus  the  SCA  deaberration  is  highly  successful  and,  except 
for  the  8%  that  had  phase  discontinuities,  gives  almost  the 
same  results  as  the  DSA.  Since  the  SCA  is  the  more  general 
algorithm,  the  SCA  was  applied  to  the  FSSP’s  in  the  exper¬ 
iment.  Sidelobe  levels  in  the  image  after  SCA  correction  are 
presented  in  this  paper. 


measured  amplitude  profiles  through  oil  and  tissue  are  v{n) 
(shown  dashed  in  Fig.  2(a))  and  \/cVa{n)  (solid),  where 
Va{n)  =  av{n)a{n)  is  the  measured  profile  through  tissue 
and  c  is  an  energy  normalizing  constant  to  account  for  energy 
loss  in  the  tissue,  c  is  given  by 


E  vHn) 

_  n=l 

N  ’ 

Evlin) 

n—1 

which  normalizes  the  profile  for  all  energy  loss  including  that 
caused  by  out-of-plane  refraction.  N  is  the  total  number  of 
receiving  array  elements.  \/cVa{n)  is  the  scaled  amplitude 
profile  obtained  through  tissue.  In  (1),  the  wavefront  distortion 
is  modeled  as  a  multiplicative  processes  m(n)  with  modulus 
a{n).  The  theory  derived  in  [1]  relates  the  ASF  in  the  phase 
corrected  image  and  the  normalized  variance  of  a(n),  denoted 
al/{a)^.  The  relation  is 


ASF 


1  K 


N{a 


^^2 


(2) 


where  7  is  the  ratio  of  the  average  power  to  the  square 
of  absolute  average  value  of  the  radiation  pattern  of  the 
transmitting  element  and  N,  as  before,  is  the  total  number 
of  array  elements.  In  our  experiment,  the  average  value  of  7 
was  2.21  with  a  small  standard  deviation  of  0.043. 

It  is  shown  in  Appendix  B  that  cr^/(a)^  can  be  related  to 
t;(n),  y/cva{n),  and  y/c  by 


E  v^{n) 

n—l 


(3) 


where  E{^)  means  expected  value.  By  combining  these  ex¬ 
pressions  we  can  calculate  the  predicted  ASF  from  wavefront 
measurements  and  compare  the  prediction  with  direct  ASF 
measurements  from  the  images. 

The  derivation  of  (2)  involves  three  conditions/assumptions: 
(1)  single  source;  (2)  phasefront  errors  are  corrected  by  a  phase 
deaberration  algorithm;  (3)  wavefront  amplitude  samples  a(n), 
n  =  1, 2,  •  *  • ,  A^,  are  statistically  uncorrelated  random  vari¬ 
ables  with  the  same  pdf.  The  first' condition  is  satisfied  in  our 
experiment.  The  second  condition  was  also  satisfied  in  the 
experiment,  as  reported  in  part  B  of  this  section,  and  the  third 
one  was  validated  experimentally  as  shown  in  Appendix  C. 


III.  Experimental  Results 


C.  Wavefront  Amplitude  Distortion  Measurement 

The  normalized  variance  of  the  amplitude  distortion  of 
wavefronts  through  tissue  was  calculated  as  follows.  The 

^Fig.  2(d)  shows  that  all  phase  errors  have  been  corrected  down  to  the 
quantization  level  of  the  8-bit  measurement  system.  The  residual  phase  error 
therefore,  was  lower  than  -43  dB.  The  ASF  induced  by  a  residual  phase 
error  is  [1].  In  this  experiment  iV/7  ^  30.  Thus  the  ASF  was  not 

larger  than  -58  dB. 


A.  Measured  ASF  in  the  Image  versus  of  the  Wavefront 

Twenty-seven  to  forty-five  FSSP’s  with  SCA-deaberrated 
phasefronts  were  measured  in  each  breastand  their  images 
were  formed.  The  ASF  in  each  image  was  measured  outside 
the  main  lobe  region.  Sample  values  of  (3)  were  calculated  and 
multiplied  by  '^/N,  where  7  =  2.21  was  used.  The  product  is 
denoted  which  according  to  (2),  should  equal  ASF. 
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TABLE  II 

Single-Source  Image.  Sidelobe  Level  Comparisons 
FOR  Propagation  Through  Oil  and  Through  Breast 

Propagation  Medium  ASF  PSL 

oil  -37.4  dB  -31.3  dB 

Breast  ID#40L  -20.46  dB  -13.59  dB 


Fig.  3  shows  an  example  of  measured  ASF  versus  ob¬ 
tained  from  breast  ID#40L.  The  abscissa  is  and  the  ordinate 
is  the  measured  ASF.  Both  variables  are  linearly  related  with  a 
very  small  intercept  0.0005,  a  close  to  unity  slope  1.15,  a  cor¬ 
relation  coefficient  0.66,  which  is  far  beyond  the  critical  value 
for  a  1%  level  of  significance  of  the  corresponding  sample 
size,  which  indicates  that  the  linear  relationship  between  the 
two  variables  is  statistically  significant,  and  a  small  standard 
deviation  from  the  regression  line  0.0019.  The  range  of  ASF 
is  from  -26.20  to  -17.67  dB  with  mean  -20.46  dB  ,  which 
is  16.9  dB  higher  than  the  ASF  obtained  through  oil  (see 
Table  II).  The  corresponding  range  of  amplitude  distortion  (3) 
is  from  0.10  to  0.39. 

Data  on  the  entire  population  of  44  breasts  are  given  in  [12]. 
The  slopes  are  all  in  the  neighborhood  of  unity  with  mean  0.97 
and  standard  deviation  0.30,  intercepts  are  close  to  zero  with 
mean  0.068  x  10~'^  and  standard  deviation  2.5  x  10~^,  and 
the  correlation  coefficients  are  beyond  the  critical  values  for 
a  1%  level  of  significance  in  73%  of  the  breasts  and  greater 
than  critical  values  for  a  5%  level  in  89%  of  the  breasts.  The 
standard  deviations  from  the  regression  lines  are  exceedingly 
small  with  average  0.002  and  standard  deviation  7.2  x  10“^. 

The  data  were  separated  into  two  subpopulations,  one  for 
the  premenopausal  group  and  another  for  the  postmenopausal 
group.  The  average  ages  of  pre-  and  postmenopausal  groups 
are  44  and  57  years,  respectively.  Fig.  4  shows  these  two  data 
sets  of  ASF  versus  The  equations  for  the  linear  best  fits 
are 

Premenopausal  ASF  —  5.29  x  10“"^  +  0.93(j^  (4) 


Postmenopausal  ASF‘~  1,006  x  10  ^  ~f  0.86d-^.  (5) 


The  slopes  are  close  to  unity  as  the  theory  predicted. 
The  correlation  coefficients  are  0.52  and  0.45  for  the  pre¬ 
menopausal  group  and  the  postmenopausal  group,  respec¬ 
tively.  The  critical  values  are  in  the  neighborhood  of  0.1  for 
the  sample  sizes  used.  Thus  the  linear  relationship  between 
the  two  variables  is  statistically  significant  in  each  group. 
Both  intercepts  approximate  zero  as  they  should.  The  mean 
differences  between  the  measured  ASF's  and  the  regression 
lines  are  5.03  x  10“^  and  5.72  x  10"®,  with  0.0026  and  0.0033 
standard  deviations  for  the  premenopausal  and  postmenopausal 
groups,  respectively.  (It  is  interesting  to  note  that  the  spread 
of  points  is  considerably  narrower  in  the  premenopausal  group 
than  in  the  postmenopausal  group.  Partial  correlation  of  the 
amplitude  of  the  wavefront  a(n)  is  shown  in  [12]  to  be  a 
possible  cause  of  this  phenomenon.) 


For  the  two  experimental  curves,  the  intercepts  are  negligi¬ 
ble  and  the  slopes  are  not  significantly  different.  Therefore 
ASF  =  0.9d*2  can  be  used  to  represent  the  experimental 
relationship  between  these  two  variables. 

B.  Measured  PSL  in  the  Image  versus  cr^  of  the  Wavefront 

PSL's  were  also  measured  in  the  SCA-deaberrated  images 
obtained  from  each  breast.  Fig.  5  shows  an  example  of  PSL 
versus  cr^  obtained  from  breast  ID#40L.  The  abscissa  is  cr^  and 
the  ordinate  is  PSL.  The  two  variables  are  linearly  related  with 
a  slope  of  6.37,  a  correlation  coefficient  of  0.41  (critical  value 
is  0.372  for  a  1%  level  of  significance)  and  a  small  standard 
deviation  of  0.0173  from  the  regression  line.  The  range  of 
PSL  is  from  -19.07  to  -9.41  dB  with  the  average  -13.59 
dB,  which  is  17.7  dB  higher  than  the  PSL  obtained  through 
oil  (see  Table  II). 

For  the  44  breasts  measured,  the  standard  deviation  from 
the  corresponding  regression  line  is  small  with  average  0.0196 
and  standard  deviation  0.0076  and  the  correlation  coefficient 
is  larger  than  the  corresponding  critical  values  for  a  5%  level 
of  significance  in  66%  of  the  breasts. 

Two  composite  data  sets  are  shown  in  Fig.  6.  Fig.  6(a)  is 
obtained  from  the  premenopausal  group  and  Fig.  6(b)  from 
the  postmenopausal  group.  The  correlation  coefficients  of  two 
variables  are  0.37  and  0.23,  respectively,  which  are  well 
above  critical  values  for  a  1%  level  of  significance  of  for  the 
corresponding  sample  sizes.  The  mean  differences  between 
the  measured  PSL's  and  the  regression  lines  are  1.323  x  10"^ 
and  2.32  x  10"®  with  0.0213  and  0.0263  standard  deviations, 
respectively,  which  are  very  small.  The  experimental  equations 
for  the  linear  best  fits  are 

Premenopausal  PSL  =  -7.03  x  10”®  -h  5.54<j^  (6) 

Postmenopausal  PSL  =  4.22  x  10"®  -h  4.220*^.  (7) 

The  ratios  of  the  slopes  of  PSL  over  ASF  are  5.93  and  4.89 
for  the  pre-  and  postmenopausal  groups,  respectively.  Thus, 
on  the  average,  the  PSL  is  larger  than  the  ASF  by  a  factor  of 
5,  or  7  dB. 

C.  Tolerance  to  Wavefront  Amplitude  Distortion 

Given  a  design  requirement  on  the  sidelobe  level  the  tol¬ 
erance  to  wavefront  amplitude  distortion  can  be  obtained 
from  the  experimentally  verified  ASF  theory  of  [1]  and  the 
experimentally  determined  average  ratio  of  PSL  to  ASF.  For 
example,  assume  that  the  specification  is  -30  dB  with  90% 
confidence  (meaning  that  PSL  must  be  no  larger  than  -30  dB 
in  90%  of  the  population).  The  ASF  must  be  7  dB  smaller,  or 
-37  dB,  which  is  a  factor  of  2  x  10"^.  The  allowed  normalized 
amplitude  variance  is  a^/(d)^  2x  10“^  divided  by  7/^7,  which 
is  0.0058  for  a  64-element  phased  array  and  7  —  2.21.  Fig.  7  is 
the  histogram  of  cr^/(a)^  obtained  from  the  44  breasts  (both 
pre-  and  postmenopausal).  The  lowest  measured  variance  is 
about  0.1  and,  therefore  no  sample  point  is  below  0.0058.  If  7 
could  be  reduced  to  unity  this  value  would  rise  only  to  0.0128. 
Thus,  for  no  member  of  this  population  can  the  sidelobe 
requirement  be  satisfied.  Either  the  number  of  elements  N 
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(a)  (b) 


Fig.  2.  An  example  of  SCA  and  DSA  phase  correction.  9.6-cm  receiving 
array,  3-MHz  transmitting  frequency,  (a)  Received  amplitude  profiles  through 
oil  (dashed)  and  the  breast  ID#46R.  (b)  Unwrapped  phase  profiles  received 
through  oil  (dashed)  and  tissue  (solid),  (c)  Phase  difference  between  the 
curves  of  (b).  (d)  SCA  (solid)  and  DSA  (zero  profile)  corrected  phase 
profiles,  (e)  Source  image  through  oil  (dashed)  and  through  tissue  (solid) 
without  phasefront  correction,  (f)  Images  through  tissue  with  SCA  and  DSA 
corrections  (solid).  SCA  and  DSA  corrected  images  are  the  same. 


y  .  .  0.000541  +  1.1 5x 
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Fig.  3.  Measured  ASF  in  image  versus  <7^  of  wavefront.  The  ASF  is  the 
angular  power  level  in  the  single-source  image  outside  the  mainlobe.  The 
propagation  medium  is  the  left  breast  of  a  38-year-old  woman.  Sample  size 
is  45.  Slope  of  regression  line  is  1.15.  Theoretical  slope  is  unity.  Mean  slope 
for  44  breasts  is  0.97. 


must  be  increased  by  more  than  an  order  of  magnitude,  or  the 
wavefront  amplitude  distortion  must  be  corrected. 

Solving  the  problem  by  increasing  the  number  of  elements 
is  very  costly.  From  Fig.  7  it  is  seen  that  about  90%  of  the 
population  falls  below  an  abscissa  value  of  0.4.  Based  on  (2) 
the  required  number  of  elements  is  about  4000.  To  deal  with 
such  a  large  number  of  elements,  a  large  number  of  parallel 
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Fig.  4.  Measured  ASF  in  image  versus  of  wavefront,  (a)  Data  set  and  the 
linear  best  fit  obtained  from  premenopausal  group.  Sample  size  is  1 134.  (b) 
Data  set  and  the  linear  best  fit  obtained  from  postmenopausal  group.  Sample 
size  is  574. 


Fig.  5.  Measured  PSL  in  image  versus  <7^  of  wavefront.  The  propagation 
medium  is  the  left  breast  of  a  38-year-old  woman.  Sample  size  is  45. 

channels  is  required  for  a  real  time  imaging  system.  State-of- 
the-art  phased  arrays  currently  have  128  channels.  Increasing 
this  number  by  a  factor  of  30  may  not  be  practical  or  affordable 
with  current  techniques.  The  synthetic  aperture  technique  may 
provide  a  possible  means,  but  subject  motion  and  degraded 
performance  of  phase  aberration  correction  have  to  be  taken 
into  account.  2-D  array  design  is  a  way  to  preserve  the  scale 
of  the  transducer  while  increasing  the  number  of  elements  to 
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(b) 

Fig.  6.  Measured  F5L  in  image  versus  of  wavefront,  (a)  Data  set  and  the 
linear  best  fit  obtained  from  premenopausal  group.  Sample  size  is  1134,  (b) 
Data  set  and  the  linear  best  fit  obtained  from  postmenopausal  group.  Sample 
size  is  574. 
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Estimate  of  normalized  amplitude  variance 


Fig.  7.  Histogram  of  normalized  amplitude  variances  al/{a)'^  obtained  from 
44  breasts.  The  sample  size  is  1708. 

several  thousand.  With  the  scale  preserved,  7  would  be  close 
to  unity  and  the  ASF  and  PSL  could  be  reduced  to  the  desired 
levels. 

Fig.  8  shows  ASF  and  PSL  histograms  of  the  measured  data 
obtained  from  the  44  breasts.  The  range  of  ASF  measurement 
is  between  ~27  and  -15  dB  with  an  average  of  -20.8  dB.  The 
range  of  PSL  is  between  -22  and  -5  dB  with  an  average  of 
-14.41  dB  .  If  7  would  be  reduced  to  unity  these  values  would 
improve  by  only  3.44  dB.  Thus  neither  sidelobe  specification 
in  the  example  above  would  be  satisfied. 

Fig.  9  plots  the  tolerable  level  of  amplitude  distortion 
(solid)  against  the  sidelobe  specifications,  and  the  fraction 


(a) 


PSL  in  dB 


(b) 

Fig.  8.  Histograms  of  sidelobe  levels.  The  sample  size  is  1708  obtained  from 
44  breasts.(a)  Histogram  of  ASF.  (b)  Histogram  of  PSL, 


Fig.  9.  Abscissa  is  sidelobe  specifications.  Ordinates  are  tolerable  level  of 
amplitude  distortion  (solid)  and  fraction  of  population  (dashed)  that  satisfy 
the  specifications.  N  =  100.  7  =  1.  Ideal  case. 

of  the  population  (dashed)  that  satisfy  the  specifications. 
7  =  1  is  assumed.  N  =  100.  This  is  an  idealized  case 
based  on  complete  phasefront  aberration  correction  of  an  ideal 
point  source.  In  pulse-echo  imaging  where  diffuse  scatterers 
dominate  the  scene,  no  complete  phase  correction  can  be 
expected.  Residual  phase  errors  will  contribute  to  the  sidelobe 
levels  [1]  and  therefore  lower  the  tolerable  levels  of  amplitude 
distortion  below  those  shown  in  the  figure. 

IV.  Discussion 

A,  Narrowband  versus  Wideband  Waveforms 

The  bandwidth  of  the  transmitted  signal  was  very  narrow 
(about  60  kHz;  the  pulse  duration  was  16  /xs)  so  as  to  avoid 
possible  frequency  selective  effects  (e.g.,  absorption  of  energy 
by  tissue)  upon  wavefront  distortion.  During  the  course  of  the 
work  it  was  found  that  severe  amplitude  errors  exist  in  the 
wavefronts,  in  addition  to  phasefront  errors,  as  are  reported  in 
this  paper.  Refraction  has  been  shown  to  be  a  likely  cause  of 
such  amplitude  distortion  [1 1].  Refraction  can  induce  multiple 
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arrivals  at  the  receiving  aperture  via  beam  bending  and  beam 
splitting  and  overlapping  of  the  beams.  It  is  possible  that  these 
multipath  arrivals  would  be  separated  in  time  by  short  pulse, 
echo  scanning,  if  it  were  employed.  If  this  were  the  case  we 
would  expect  to  experience  less  amplitude  distortion  with  a 
short  pulse  than  with  the  16-fj^s  pulse.  This  hypotheses  was 
tested  with  a  l-fxs  short  pulse  and  l-fxs  receiving  window 
(about  1  MHz  bandwidth). 

Similar  to  the  narrowband  case,  severe  amplitude  distortion 
of  the  wavefront  was  observed  in  each  l-/is  receiving  windows 
in  which  significant  energy  was  received  [12],  [13].  No  signif¬ 
icant  late  arrivals  were  found  in  most  subjects.  This  suggests 
that  multipaths  or  multiple  arrivals  developed  due  to  refraction 
are  already  established  within  a  l-/is  period  (approximately  3 
wavelengths  at  3MHz)  and  are  not  significantly  separated  in 
time.  Therefore  the  long  pulse  and  the  long  receiving  window 
used  for  the  main  experiment  did  not  significantly  increase  the 
amplitude  distortion  reported  in  this  paper. 

B.  1-D  versus  2~D 

Our  measurements  are  one  dimensional  (X,  in  Fig.  1)  while 
the  wavefront  distortions  are  in  two  dimensions  {X  and  Y , 
both  normal  to  Z).  A  narrow  beam  formed  by  a  2-D  aperture 
would  reject  some  of  the  energy  arriving  from  outside  the 
(X,  Z)  plane.  The  result  would  be  less  wavefront  interference 
and,  very  likely,  the  wavefront  amplitude  variation  would  be 
smaller  than  that  reported  in  this  paper.  This  matter  needs  to 
be  explored  experimentally. 

C.  Element  Spacing 

In  our  experimental  system,  each  transducer  element  con¬ 
sists  of  six  equally  spaced  subelements  which  are  electrically 
connected.  The  width  of  each  subelement  is  0.183  mm  and  the 
center  to  center  spacing  is  0.249  mm,  which  is  about  A/ 2  at 
the  3  MHz  operating  frequency.  As  a  result,  each  measured 
wavefront  sample  at  the  receiving  array  is  the  complex  sum  of 
six  wavefronts  samples.  If  the  subelements  could  have  been 
sampled  directly,  we  would  have  been  able  to  observe  the 
complicated  wavefront  more  closely. 

Two  questions  arise  regarding  element  spacing.  The  first 
is  the  effect  of  closer  spacing  upon  SCA  performance;  the 
second  is  the  effect  upon  the  measurements  of  the  amplitude 
distortion  of  the  waveform. 

1.  SCA  Performance:  Two  factors  dominate  SCA  perfor¬ 
mance,  stability  of  the  crossproduct  measurement  and  the 
number  of  transducer  elements.  It  is  evident  from  Section  II  B 
that  the  residual  phase  errors  with  the  large  transducer  element 
were  below  the  level  of  observation  of  the  measuring  system; 
finer  sampling  could  improve  it  only  to  a  minor  extent.  The 
major  factor  is  the  increased  number  of  elements  required  to 
maintain  the  same  size  array,  which  in  this  case  is  a  factor  of  6. 
The  maximum  reduction  in  ASF  would  be  8  dB.  However,  it  is 
likely  that  the  a(n)  will  be  correlated  to  some  extent  in  several 
portions  of  the  receiving  array  if  A/2  spacing  is  employed;  the 
result  will  be  an  improvement  in  ASF  of  somewhat  less  than 
8  dB. 

2.  Amplitude  Distortion:  Some  unknown  amount  distortion 
can  be  attributed  to  the  coherent  sum  of  six  subelement 


samples.  With  finer  sampling,  we  could  anticipate  slightly 
smoother  wavefronts  and  less  distortion.  A  severe  test  on 
the  increase  in  mean  square  amplitude  distortion  measurement 
error  is  found  by  considering  a  wavefront  1  +  exp{jkxui) 
which  is  formed  from  the  sum  of  two  equal  amplitude  plane 
waves  whose  arrival  directions  are  spaced  by  ui.  The  modulus 
is  2|cos(A:a;wi/2)|.  The  mean  square  measurement  error  is 
defined  as 


MSE: 


64  X  6 


n—l  vp=0 


|2cos  (fc(6n  +  p)dui)\ 


1 

6 


m=5 

(1  +  exp(j(6n-l-m)c?tti)) 

m=:0 


2 


where  where  n  is  the  number  of  the  element  and  d  is  the 
interelement  spacing  =  A/2  «  0.25  mm  at  3  MHz  and 
N  =  96  mm/6d  =  64.  The  inner  right  hand  sum  is  the  element 
measurement.  The  difference  between  it  (after  scaling  by  the 
number  of  its  subelements  per  element)  and  a  field  sample  at 
A/2  spacing  is  the  error.  The  squared  error  is  summed  over  the 
six  subelement  positions  (p  =  0,  ■  •  • ,  5)  and  this  partial  sum 
is  summed  over  the  64  positions  in  the  array.  After  averaging, 
the  result  is  the  mean  square  measurement  error. 

The  measurement  error  grows  with  ui.  The  largest  sepa¬ 
ration  of  apparent  arrival  angle  observed  in  our  experiment 
is  approximately  the  order  of  0.1  radian.  Using  ui  =  0.1, 
it  is  found  that  the  error  is  0.12.  The  error  normalized  to  the 
square  of  the  mean  amplitude  is  0.08.  Therefore,  the  measured 
normalized  amplitude  variance  shown  in  Fig.  7  would  be 
reduced  by  0.08  at  most  if  the  transducer  were  sampled  at 
A/2  spacing.  The  ASF  would  improve  1.5  dB  at  most. 


V.  Conclusion 

Experimental  results  show  that  the  PSL  and  ASF  in  the 
image  are  linearly  related  to  the  normalized  amplitude  variance 
of  the  wavefront.  The  ASF  measurements  are  consistent  with 
the  theory  developed  in  the  companion  paper.  The  average 
ratio  of  PSL  to  ASF  is  about  5,  which  implies  that  on  the 
average  the  PSL  is  7  dB  higher  than  the  ASF.  Given  design 
requirements  on  the  sidelobe  levels,  a  tolerable  threshold  to 
wavefront  amplitude  distortion  can  now  be  determined. 

Experimental  SCA  results  also  show  complete  correction 
of  phasefront  errors  from  a  strong  point-like  source  down  to 
the  measurement  level  of  the  system,  which  was  -43  dB. 
Amplitude  errors  remain,  however,  and  are  responsible  for  the 
high  sidelobe  level.  The  average  PSL  in  1708  images  obtained 
from  44  breasts,  after  SCA  correction,  is  —14.41  dB  with  2,51 
dB  standard  deviation.  This  value  is  16.9  dB  higher  than  the 
PSL  obtained  through  oil.  The  average  ASF  is  —  20.8  dB  with 
1.84  dB  standard  deviation  which  is  16.6  dB  higher  than  the 
level  obtained  through  oil.  These  sidelobe  levels  are  too  high  to 
be  useful.  Furthermore,  in  pulse-echo  imaging  where  diffuse 
scatterers  dominate  the  scene,  no  complete  phase  correction 
can  be  expected.  Therefore  the  PSL  and  the  ASF,  even  after 
SCA  correction,  will  be  worse  than  the  situation  described 
here.  Therefore,  amplitude  distortion  as  well  as  phasefront 
distortion  must  be  compensated  in  future  algorithmic  design. 
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Increasing  the  number  of  the  array  elements  reduces  the 
sidelobe  level  proportionally.  However,  the  measured  sidelobe 
levels  reported  in  this  paper  show  that  the  number  of  the  array 
elements  has  to  be  several  thousands  to  ensure  a  high  dynamic 
range  and  high  image  contrast.  While  this  is  beyond  the  scope 
of  current  technology,  2-D  array  designs  will  be  available 
in  the  future  that  could  increase  the  number  of  elements 
sufficiently  to  satisfy  sidelobe  design  requirements. 

Appendix  A 

The  following  procedure  describes  the  application  of  the 
SCA  to  the  single  source  experimental  data  measured  through 
breast,  for  the  purpose  of  correcting  phasefront  errors. 

From  (1),  the  estimate  of  the  lag  1  differential  phase  error  at 
the  nth  element  is  the  argument  of  the  adjacent  cross  product 

rn[l]  =  z(n)r(n  +  1) 

=  a^v{n)m{n)v*  {n  +  l)m*(n  +  1) 

=  a^v{n)v*{n  +  l)a(n)a(n  +  1) 

•  exp  (i(/3(n)  -  /3(n  +  1))), 

(8) 

v{n)  is  the  radiation  profile  of  the  source,  after  correcting  for 
near-field  curvature,  measured  at  the  receiving  array  through 
homogeneous  oil.  m(n)  is  the  medium-induced  wavefront 
distortion  with  amplitude  a(n)  and  phase  /?(n),  and  a  is  a 
constant  that  reflects  any  signal  loss.  In  general,  v{n)  has  a 
constant  phase  profile  because  the  wavefront  of  a  single  point¬ 
like  source  located  at  the  focal  zone,  propagating  through  a 
homogeneous  medium,  and  normal  to  the  receiving  array  is 
approximately  a  plane  wave.  Therefore,  v{n)v*{n-^l)  is  real. 
a  and  a  also  are  real.  Thus  the  argument  of  the  measured  value 
rn[l]  is  the  estimate  of  the  phase  error  difference  between 
adjacent  receiving  elements. 

To  estimate  the  phase  error,  we  choose  some  element  (say, 
k)  as  a  reference  element,  meaning  that  we  set  P{k)  =  0. 
'^e  estimated  values  of  the  phase  errors  are  /3(n  -f  1)  = 
/3(n)  -  argfnfl]  forn  >  A;  and  /3(n)  =  /3(n  +  1)  -f-  argfn[l] 
for  n  <  k.  The  nth  component  of  the  correction  vector  is 
Wc{n)  =  exp(“j73(n)).  The  SCA  corrected  wavefront  is 

Wc{n)i{n)  =  awc{n)v{n)rn{n) 

=  a  exp  {^-3^{n)^v{n)a[n)  exp  (j/3(n)) 
av{n)a{n),  (9) 

The  robustness  of  the  phase  error  estimate  depends  on  the 
signal  to  noise  ratio  (SNR).  The  argument  of  the  measured 
value  rn[l]  is  accurate  when  the  SNR  is  relatively  high,  as 
it  was  in  the  experiment  (see  Section  II  B).  The  errors  in  the 
phase  error  estimate  at  low  energy  portions  of  the  aperture  can 
be  cumulative  and  can  be  largely  avoided  by  selecting  k  from 
a  high  energy  region  and  starting  the  bi-directional  estimating 
procedure  described  above.  In  the  paper,  phase  deaberration 
was  done  by  using  this  procedure. 

Appendix  B 

This  appendix  evaluates  (3).  The  scaled  amplitude  profile 
obtained  throught  issue  is  y/cva{n)  =  y/cav{n)a{n)  « 


v{n)a{n),  where  y/ca  «  1.  Therefore  the  sample  value 
E  {Vcva{n)  -  v{n)f  E)  v‘^{n){a{n)  -  1}^ 

n=l  n—1 

- N -  - N - •  (10) 

E  v^in)  V^n) 

n=l  n—\ 

v{n)  is  a  deterministic  quantity.  a{n)  is  assumed  to  have  the 
same  probability  density  function  (pdf)  for  all  n.  The  expected 
value  of  the  .left- side  of  (10)  is 

E  t;2(n){a(n)  -  1}^  f 

n=l _ n=l _ 

E  v^{n)  E  v^in) 

n=l  n=l 

=  {a(n)-l}^  (11) 

The  quantity  to  be  evaluated  is 

ol  A{a(n)-a}^ 

(a)  (a) 

a(n)  approximates  unity  in  the  weak  scattering  case  [1] 
which  implies  that  only  the  phasefront  is  distorted  (1).  In  our 
experiment  (which  includes  strong  scattering  and  refraction), 
o(n)  is  also  distorted  but  a  is  close  to  unity,  as  shown  in 
Appendix  C.  Thus 


E  v‘^{n){a{n)  -  1}^  E  {V^Va{n)  -  ■u(n)}^ 

n=l  n=l 

_ _ _ _ _ _ 

^  '  ■"■■■—- .  . 

E  E 

n=l  n=l 


Appendix  C 

As  mentioned  in  the  text,  27-45  SSP’s  were  selected  from 
each  breast.  The  single  sources  used  to  sequentially  insonify 
the  breast  were  the  nine  middle  transmitters  in  the  transmitting 
array.  SSP’s  were  obtained  from  multiple  elevations.  The 
spacing  in  elevation  is  either  0.5  or  1  cm  starting  from 
approximately  2  cm  below  the  chest  wall  to  5  cm.  We  denote 
the  region  insonified  by  these  sources  as  the  region  of  interest 
(ROI).  The  ROI  is  approximately  5  cm  thick  and  the  angular 
sector,  is  30°  wide,  which  is  the  joint  angular  sector  insonified 
by  the  nine  middle  transmitters. 

Each  SSP  can  be  treated  as  a  spatial  sample  of  the  random 
process  developed  in  the  RGI.  The  corresponding  scaled 
amplitude  profile  is  y/cVa{Ti)  =  ^/cav{n)a{n).  The  wavefront 
amplitude  distortion  a(n)  is  treated  as  a  statistical  quantity 
related  to  the  random  medium.  If  measured  covariance  of  a{n) 
and  a(m)  over  the  ROI  for  arbitrarily  selected  n^mis  small, 
we  can  assume  that  a(n)  and  a(m)are  statistically  uncorre¬ 
lated.  Fig.  10  shows  the  experimental  results  obtained  from 
15  randomly  selected  breasts.  In  each  breast,  the  estimated 
covariance  of  a(n)  and  a(n  -h  /)over  the  ROI  is  calculated 
for  I  =  1,3,5, 7  from  amplitude  profiles  of  SSP’s  obtained 
from  the  ROI.  The  index  n  is  randomly  selected  from  the 
middle  elements  of  the  receiving  array  where  good  estimates  of 
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15  randomly  selected  breasts 

Fig.  10.  Estimated  covariance  versus  breast.  Estimated  covariances  over 
the  ROI  for  /  =  1,3, 5, 7  of  15  randomly  selected  breasts.  The  estimated 
covariances  are  very  small. 


Fig.  11.  a(n)  versus  breast.  The  ensemble  average  a{n)  over  the  ROI  is 
close  to  unity,  n  is  the  randomly  selected  index  from  the  middle  elements 
in  each  tested  breast. 

a{n)  =  y/cva{n)/v{n)  and  a{n  +  1)  =  y/cva{n  +  l)/v{n  +  1) 
can  be  made,  which  is  in  the  middle  of  the  receiving  array 
where  the  signal  strength  is  the  greatest  (Fig.  2(a)).  The 
measured  covariance  is  very  small  as  shown  in  Fig.  10.  The 
mean  values  for  15  breasts  are  0.057,  —0.026,  —0.031,  and 
-0.030  for  I  =  1,  3, 5, 7,  respectively.  The  standard  deviations 
are  0,025,  0.036,  0.046,  and  0.032.  Thus  the  assumption  that 
a{n)  and  a(m)  are  statistically  uncorrelated  for  any  n  ^  m 
is  experimentally  verified. 

To  estimate  the  normalized  amplitude  variance  in  (2)  we 
assume  that  a  =  1.  Fig.  11  shows  a{n)  versus  breast,  where 
a(n)  was  estimated  from  the  ROI  and  n  was  also  randomly 
selected  from  the  middle  elements  of  the  receiving  array. 
a(Ti)’s  are  very  close  to  unity.  The  mean  is  0.89  and  standard 
deviation  is  0.099, 
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Ultrasound  measurements  of  a  large  population  of  wavefronts  transmitted  through  female  breasts  at 
3  and  4  MHz  show  that  the  wavefront  amplitude  distribution  is  close  to  Rayleigh.  This  finding  is 
consistent  with  a  fully  developed  scatter  field,  implying  that  the  scatter  energy  removed  from  the 
coherent  incident  beam  dominates  the  wavefront.  The  wavefront  received  from  an  inhomogenebu^ 
medium  is  the  superposition  of  an  incident  wave  plus  a  scattered  wave.  If  the  scattered  field  is  weak, 
the  received  field  is  dominated  by  the  incident  field  and  the  wavefront  amplitude  distribution  is 
Rician.  If  the  scattered  field  is  strong,  the  received  field  is  primarily  the  scattered  field  and  the 
wavefront  amplitude  distribution  is  Rayleigh.  If,  in  addition  to  scattering,  refraction  between  bodies 
of  different  refractive  indexes  occurs,  the  total  net  effect  on  the  wavefront  amplitude  distribution  is 
the  same  as  for  strong  scattering.  This  is  what  we  have  observed  in  the  highly  refractive  female 
breast.  This  result  has  implications  for  the  design  of  high  lateral-resolution  echo  scanners  that  will 
incorporate  adaptive  phase  deaberration  algorithms.  The  published  algorithms  were  developed  for 
weak  scattering  and  therefore  may  not  be  powerful  enough.  Alternatives  have  to  be  found  to 
deaberrate  the  severe  wavefront  distortion  in  the  breast. 

PACS  numbers:  43.80.Cs,  43.80.Ev,  43.80. Vj 


INTRODUCTION 

Several  investigators  have  studied  focusing  properties  at 
the  focal  zones  of  transducers  after  ultrasonic  waves  propa¬ 
gate  1-way  or  2-way  through  in  vivo  breast  or  breast 
samples.^*^  Others  have  directly  measured  ultrasonic 
phasefronts^*^  or  wavefronts^”®  of  spherical  waves  propagat¬ 
ing  through  in  vivo  breast.  Most  studies  have  focused  on  the 
effect  of  breast  inhomogeneity  upon  lateral  resolution.^”^ 
Some  have  concentrated  on  the  sources  of  wavefront  distor¬ 
tion  inside  the  breast^  and  sidelobe  properties  of  pointlike 
source  images  after  phase  front  deaberration.^’® 

The  principle  wavefront  distortion  sources  inside  the  fe¬ 
male  breast  appear  to  be  scattering  and  refraction.  Scattering 
is  caused  by  local  speed  variations.  Refraction  is  caused  by 
speed  mismatch  across  a  tissue  interface.  Refraction  can 
cause  ray  bending  and  splitting.  Refracted  rays  can  be  further 
refracted  at  subsequent  interfaces  and  arrive  at  the  receiving 
transducer  from  different  directions.  Such  subbeams  interfere 
and  can  cause  cancellation  in  high  energy  portions  of  the 
aperture.^ 

In  scattering,  the  field  E  at  the  receiver  after  a  plane  or 
spherical  wave  propagates  through  the  breast  is  the  superpo¬ 
sition  of  the  incident  field  plus  the  scattered  field  E^ .  If 
the  scattered  field  is  weak,  i.e.,  Ei>E^ ,  E  is  dominated  by  E,- 
and  the  wavefront  amplitude  distribution  is  Rician.  The 
phasefront  of  E  is  primarily  the  phasefront  of  E,-  plus  pertur¬ 
bations  caused  by  the  scattered  field.  If  the  scattered  field  is 
strong,  Ei<E^,  the  energy  in  the  incident  field  is  scattered 
and  E  is  approximately  E^ .  For  a  medium  containing  mul¬ 
tiple  scattering  bodies  or  diffuse  scatterers,  the  scattered  field 
is  a  coherent  sum  of  the  scattered  fields  radiated  from  these 
scatterers.  In  the  absence  of  a  strong,  coherent  E,  component 
to  the  field,  the  probability  density  function  (pdf)  of  the  com- 
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plex  wavefront  should  approach  the  bivariate  Gaussian  dis¬ 
tribution,  implying  that  the  modulus  distribution  is  approxi¬ 
mately  Rayleigh.^  ' 

The  exact  distributions  for  the  two  cases  are  not  impor¬ 
tant.  What  is  important  is  to  determine  from  experiment 
which  case  corresponds  to  ultrasound  transmission  through 
the  breast.  The  reason  is  that  current  adaptive  phasefront 
compensation  algorithms^®”*®  deal  with  the  weak  scattering 
case  and  their  utility  in  the  strong  scattering  and  refraction 
case  is  limited.*® 

<^ur  measurements  indicate  that  the  latter  is  what  occurs 
in  the  female  breast.  It  becomes  evident  in  the  measured 
wavefronts  when  both  the  breast  and  the  1-D  receiving  ap¬ 
erture  are  large,  as  in  the  experiments  reported  (12  and  10 
cm,  respectively).  Wavefront  measurements  at  this  large  pen¬ 
etration  depth  of  three  populations  (premenopausal  dense, 
pre-m  fatty,  and  post-m)  show  that  the  wavefront  amplitude 
pdf  is  close  to  Rayleigh.  In  addition,  study  of  the  wavefront 
amplitude  profiles  discloses  deep  nulls  typical  of  coherent 
interference,^  which  indicates  that  refraction  is  the  likely 
cause.  At  some  lesser  penetration  sufficiently  less  energy 
would  be  scattered  from  the  coherent  beam  and  the  wave- 
front  amplitude  distribution  should  be  Rician.  Up  to  such  a 
depth  adaptive  phase  aberration  (or  time  shift)  correction 
will  be  useful,  but  not  for  large  apertures  and  significant 
penetration  depth.  Either  modifications  of  the  existing  algo¬ 
rithms  have  to  be  made  or  stronger  algorithms  have  to  be 
invented  for  penetration  from  the  skin  to  the  chest  wall.  Fur¬ 
thermore,  the  success  that  phase  aberration  correction  has 
had  with  phantoms*^*"*  and  in  small-sample  experiments  in 
in  vivo  liver*^’^^  has  led  to  unrealistic  expectations  for  the 
breast.  This  makes  it  essential  that  the  next  generation  of 
solutions  be  tested  with  breast  tissue. 
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FIG.  1.  Experimental  configuration  of  the  measurement  system  (Ref.  3). 

The  following  section  describes  in  vivo  wavefront  mea¬ 
surements  of  the  breast.  The  wavefront  distortion  model  is 
introduced  in  Sec.  11.  Measured  distributions  of  wavefront 
amplitude  are  presented  in  Sec.  III.  Discussion  and  summary 
are  in  Secs.  IV  and  V. 

1.  THE  EXPERIMENT 

The  experiment  was  designed  to  measure  the  wavefront 
after  propagating  through  in  vivo  breast.  The  experimental 
procedure  was  described  in  previous  papers.^’^’®  Figure  1 
shows  how  the  experiment  was  conducted.  The  volunteer  lies 
on  the  table  with  one  breast  inserted  in  the  baby-oil  filled 
reservoir.  Baby  oil  (speed  1430  m/s^  was  chosen  to  match 
the  speed  of  subcutaneous  fat  (1440  m/s)  and  consequently 
to  reduce  refraction  at  the  skin  surface.  A  platform  carrying 
two  linear  arrays  is  raised  and  lowered  by  a  stepping  motor 
under  computer  control.  The  elevation  increment  is  either  1/2 
or  1  cm. 

At  each  elevation  level,  a  single  transducer  element  ra¬ 
diates  ultrasonic  waves  through  the  breast  to  the  receiving 
array  (Fig.  2).  Both  narrow-band  and  wideband  measure¬ 
ments  were  made.  The  transmitting  frequencies  were  3  and  4 
MHz  for  both  the  narrow-band  and  wideband  experiments. 
The  width  of  the  source  T  was  1.49  mm  and  the  source  beam 
width  X/r  was  20®  and  16®  at  the  two  frequencies.  The  por¬ 
tion  of  the  receiving  array  used  in  the  experiment  was  96  mm 
with  64  elements.  Because  of  the  size  of  the  source,  the  bulk 
of  the  transmitted  energy  was  received  by  the  middle  half  of 
the  receiving  array.  The  receiving  element  spacing  was  1.5 
mm;  its  width  was  1.49  mm.  The  height  of  the  element  was 
10  mm.  Thus  the  elements  were  not  point  detectors  but  inte- 


FIG.  2.  Wavefront  distortion  measurement  with  single  source  insonification. 
Z  is  the  wave  propagation  direction,  X  is  the  transducer  direction,  and  Y  is 
perpendicular  to  X  and  Z  (from  Ref.  8). 

J.  Acoust.  Soc.  Am.,  Vol.  96,  No.  1,  July  1994 


grated  over  3  or  4X  in  azimuth  and  20  or  26X  in  elevation. 
Transmission  was  a  sequence  of  64,  16-/is  pulses  spaced  by 
200  fjLS  and  followed  by  a  sequence  of  64,  l-/xs  pulse  spaced 
by  the  same  time  interval.  The  long  pulse  had  a  bandwidth  of 
60  kHz;  this  narrow  bandwidth  was  chosen  to  avoid  effects 
caused  by  the  variation  of  tissue  attenuation  with  frequency 
upon  the  wavefront  measurement.  The  short  pulse  had  a 
bandwidth  of  1  MHz;  it  was  used  to  test  the  effect  of  multi- 
path  upon  the  wavefront.  Data  for  both  frequencies  are  pre¬ 
sented  for  the  narrow-band  transmissions  whereps  only  the 
less  attenuating  3-MHz  data  are  used  for  the  wideband  ex¬ 
periments.  An  experimental  comparison  is  given  in  Sec.  Ill 
and  the  implications  are  discussed  in  Sec.  IV. 

Reception  across  the  entire  aperture  was  by  synthetic 
aperture:  Each  of  64  receiving  elements  received  and  sjpred 
one  of  the  transmissions  in  sequence.  At  each  receiving  ele¬ 
ment,  the  received  rf  pulses,  after  propagating  through  the 
rnedium,  were  coherently  demodulated.  When  the  transmis¬ 
sion  was  the  16-)Lts  pulse,  analog  inphase,  and  quadrature 
values  were  measured  and  integrated  within  an  IS-yus  win¬ 
dow.  A  sequence  of  18  1-//S  receiving  windows  was  used 
when  the  transmission  was  the  l-/xs  pulse.  The  analog  data 
were  digitized  by  using  two  high  speed  eight  bit  A/D  con¬ 
verters.  In  this  way  the  complex  wavefront  across  the  receiv¬ 
ing  aperture  was  measured.  A  set  of  64  complex  values  is 
called  a  single  source  profile  (SSP).  For  long  pulse  transmis¬ 
sion  and  long  receiving  window,  one  SSP  was  obtained.  Oth¬ 
erwise  18  SSPs  were  obtained.  The  total  data  acquisition 
time  for  one  SSP  is  0.0128  s,  which  is  2  orders  of  magnitude 
faster  than  patient  cardiac  cycle.  To  measure  the  wavefront 
distortion  properties  through  various  angular  sectors  of  the 
breast,  several  transmitter  elements  located  in  the  middle  re¬ 
gion  of  the  transmitting  array  were  used.  A  set  of  64  narrow- 
band  pulses  from  each  transmitter  produced  one  narrow-band 
SSP  and  a  corresponding  set  of  wideband  pulses  produced  18 
wideband  SSPs. 

After  «aci|  in  vivo  experiment,  the  same  sequence  of 
SSPs  through  oil  alone  was  taken  for  system  calibration  pur¬ 
pose. 

11.  WAVEFRONT  MODEL 

The  measured  wavefront  through  oil  at  the  finite  1-D 
receiving  aperture  is  Eo(x)  =  where  x  is  po¬ 

sition  at  the  receiving  array  and  the  subscript  o  represents 
oil.  Because  of  the  absence  of  scattering  and  refraction  in  oil, 
the  measured  field  equals  the  incident  field  ,  'Hie  am¬ 
plitude  profile  Afj(x)  is  the  radiation  pattern  of  a  transducer 
element,  while  the  phase  profile  reflects  the  near-field 
curvature  of  the  wavefront.  Figure  3  shows  a  measured 
wavefront  through  oil  with  the  narrow-band  waveform;  the 
solid  line  is  the  amplitude  profile  A  ^  and  the  dashed  line  is 
the  phase  <f>^,  unwrapped  in  the  middle  to  show  its  quadratic 
curvature. 

The  measured  wavefront  through  breast 
E(x)=A(x)E^'^^^  can  be  decomposed  into  the  product  of 
and  a  medium  induced  distortion  function 
m(x)-a(x)e^^^^\  That  is, 

Eix)=A{x)ej^^^^  =  am{x)A^{x)ej^o^^^ 
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FIG  3  Example  of  measured  radiation  field  through  oil.  The  abscissa  is 
position  in  the  receiving  array  and  the  ordinates  are 
The  96  mm  portion  of  the  array  used  for  receiving  is  from  12  to  108  mm. 
Transmitting  frequency  is  3  MHz  (from  Ref.  3). 


FIG  5  Illustration  of  ROl.  Nine  middle  transmitters  were  used  as  single 
sources  to  insonify  the  breast.  The  dashed  arrows  represent  translation  of 
transducers  in  elevation  direction. 


where  a  is  a  constant  that  reflects  any  signal  loss  inside  the 
breast. 

Figure  4  is  an  example  of  a  wavefront  measured  through 
the  breast  with  the  nanow-band  waveform;  the  solid  line  is  A 
and  the  dashed  line  is  ^  unwrapped  in  the  middle.  The 
jagged  amplitude  implies  that  a(x)  is  severely  distorted.  The 
phase  is  also  highly  distorted  relative  to  the  expected  qua¬ 
dratic  curvature.  .  .  ,  .-a 

A„{x)  is  a  deterministic  function  and  is  slightly  different 
for  different  transmitters  while  a{x)  represents  wavefront 
amplitude  distortion  caused  by  the  medium.  From  Eq.  (1), 
a{x)=Aix)/Ao{x)  provided  that  the  signal  loss  a  is  properly 
compensated  and  the  denominator  A  ^(x),  sampled  at  the  nth 
receiver  element  and  denoted  i4o(n),  is  large  enough  that  the 
ratio  A{n)IA„in)  does  not  blow  up.  The  first  is  accom¬ 
plished  by  equalizing  energies  received  through  brea.st  and 
oiKthe  detailed  procedure  is  described  in  the  Appendices  of 
Ref.  8)  and  the  second  is  guaranteed  by  calculating  a(n)  in 
the  middle  region  of  the  receiving  array  where  A<,(n)  is  large 


from  a  large  insonified  region  of  breast  reported  in  the  fol¬ 
lowing  section  indicates  that  refraction  and  strong  scattenng 
are  the  dominant  distortion  mechanisms. 


III.  DISTRIBUTION  OF  A  WAVEFRONT  AMPLITUDE 
A.  General 

(i)  Data  selection:  Data  were  taken  from  the  wedge- 

shaped  portion  that  excludes  both  lateral  and  elevation  cur¬ 
vature  (Fig.  5).  This  is  defined  as  the  region  of  interest 
(ROI).  It  is  approximately  5  cm  in  elevation,  30°  wide  in 
azimuth  and  located  close  to  the  chest  wall.  Because  no  pa¬ 
thologies  exist  in  the  selected  breasts  used,  it  is  reasonable  to 
assume  that  the  tissue  composition  within  the  ROI  is  statis¬ 
tically  homogeneous.  ^  „ 

(ii)  Noise  effects:  It  is  shown  in  Sec.  IV  C  that  the  ac¬ 
curacy  of  amplitude  measurement  is  marginally  affected  by 
the  SNR. 

)  » 

B.  Narrow-band  results 


(see  Fig.  3). 

In  a  weak  scattering  medium,  a(A:)“l  and  wavefront 
distortion  is  primarily  in  the  phase  /3(x).  With  stronger  scat¬ 
tering  and  refraction,  wavefront  amplitude  a(A:)  also  be¬ 
comes  distorted.  The  statistical  distribution  of  a(x)  obtained 


FIG.  4.  Example  of  measured  radiation  field  through  breast  1D#46L  (from 
Ref.  3). 


To  obtain  wavefront  amplitude  distributions  of  different 
tegories  of  breasts  with  similar  tissue  composition,  we  di- 
ded  the  selected  subjects  into  premenopausal  and  post- 
Enopausal  groups.  [Two  selected  volunteers  were  x-ray 
ammography  patients  who  had  regular  mammography 
leck  ups  and  the  rest  were  hospital  staff  of  the  Hospital  o 
e  University  of  Pennsylvania  (HUP)  who  had.x-r^  mam- 
ograms  done  within  the  experimental  period.  cy 
gned  a  consent  form  approved  by  the 
.dministration  of  the  University  of  Pennsylvai^.] 
lenopausal  subjects  were  further  Jmded  ^ 
remenopausal-dense  and  as 

ased  upon  whether  glandular  tissue  or  at 
lentified  from  x-ray  mammogram  readuigs.  ,  3 

f  ii(u)  (Fig.  6)  were  obtained  from  ^ 

AHz.  Each  group  consists  of  five  59.2 

iverage  ages  of  the  three  groups  are  38.»,  •  » 

.ears^espectively.  Tlie  standard 
ind  8.11  years.  The  sample  sizes  res^^Y- 

hree  groups  are  6542,  6405,  and  » 
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FIG.  6.  Histograms  of  wavefront  amplitude  at  3  MHz  using  narrowband 
waveform  obtained  from  (a)  premenopausal-dense  breast  group,  (b) 
Premenopausal-fatty  breast  group,  (c)  Postmenopausal  breast.  The  dashed 
curves  are  Rayleigh  distributions  with  means  chosen  as  the  sample  means. 

mean  amplitude  values  are  0.87,  0.89,  and  0.86.  The  standard 
deviations  are  0.54,  0.57,  and  0.51.  When  the  effect  of  noise 
and  measurement  enor  is  removed  the  standard  deviation 
estimates  remain  almost  the  same  (Sec.  IV  C).  The  dashed 
curves  are  Rayleigh  distributions  with  mean  values  chosen  as 
the  corresponding  sample  means.  The  similarity  of  these  his¬ 
tograms  to  the  Rayleigh  distribution  suggests  a  fully  devel¬ 
oped  scatter  field. 


D 

close  scattering  path 


FIG.  7,  Sketch  of  scattering  path,  (a)  Illustration  of  scattering  angle,  (b) 
Illustration  of  a  close  scattering  path. 

scattering  path.  If  the  differential  length  is  less  than  about 
X./2,  which  is  approximately  0.25  mm  at  3  MHz,  the  coherent 
sum  of  the  scattered  field  and  the  direct  field  at  the  receiver 
will  be  free  of  destructive  interference  caused  by  multipath. 

Assume  that  a  plane  wave  insonifies  the  scattering  me¬ 
dium  [Fig.  7(a)].  The  distance  from  the  source  to  the  receiver 
is  £).  Assume  that  the  widths  of  the  scattering  bodies  or  the 
correlation  length  of  the  medium  are  w  and  the  total  number 
of  scatterers  along  the  propagation  path  is  n.  Scattering, 
therefore,  is  over  a  nominal  angle  of  \/w.  Consequently,  a 
typical  scattered  ray  between  the  direct  path  and  the  edge  of 
the  scattering  pattern  would  emanate  at  an  angle,  say,  of 
X./4w.  From  Fig.  7(b)  the  closest  scattering  path  length  is 
/ziv  cos(XMiV)==D  cos(X/4w).  The  differential  path  length 
is 

A/=D[1-cos(X/4w)]-«(1/2)D(\4w)2 


C,  Wavefront  amplitude  distribution  versus 
bandwidth 

In  this  section,  we  first  discuss  the  effect  of  multipath 
upon  wavefront  measurement  under  weak  scattering  and  un¬ 
der  strong  scattering  and  refraction.  Second,  we  show  a  typi¬ 
cal  example  of  wideband  measurement.  Lastly,  a  comparison 
of  amplitude  distributions  between  narrow-band  and  wide¬ 
band  measurements  is  given. 

1.  Weak  scattering  versus  bandwidth 

Define  the  scattering  coefficient  s=^EJEi .  In  weak  scat¬ 
tering  5  is  typically  the  order  of  a  few  percent.  If  weak  scat- 
tering  were  the  dominant  distortion  mechanism,  long  pulses 
(narrow-band  waveforms)  and  short  pulses  (wideband  wave¬ 
forms)  would  give  similar  results  on  wavefront  amplitude 
measurement,  as  the  following  simple  calculation  shows. 

We  calculate  the  differential  lengths  between  a  direct 
path  and  (1)  a  close  scattering  path  and  (2)  a  more  distant 


=  (3^)D(X/w)^  (2) 

The  differential  length  as  a  fraction  of  wavelength  is 
A//X=DX/32wl  It  is  listed  in  Table  1  at  3  MHz  over  a 
range  of  values  of  w.  It  is  seen  that  the  scattered  rays  from 
all  but  the  smallest  scatterers  can  not  cause  destijictive  inter¬ 
ference  with  the  direct  rays. 

Longer  paths  increase  A//X  but  the  field  strength  de¬ 
creases  exponentially.  The  total  number  of  scatterers  along 
the  propagation  path  is  n=D/w  and  the  scattering  gain  is 
therefore  5".  Doubling  the  scatter  path  length  implies  that  n 
doubles  and  the  scattering  gain  becomes  Since  s  is  only 


TABLE  1.  Fractional  differential  path  length  A//\  vs  scattering  width  or 
correlation  length  w.  0=120  mm  and  X=0.5  mm  (f=3  MHz). 


w  (mm) 

2 

3 

4 

5 

6 

7 

8 

9 

10 

A//X 

0.47 

0.21 

0.12 

0.08 

0.05 

0.04 

0.03 

0.02 

0.02 
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few  percent,  5^"  is  vanishingly  small.  Thus  the  scattered 
/rays  from  more  distant  scattering  paths  are  too  weak  to  cause 
j  significant  interference  with  the  direct  rays. 

2.  Strong  scattering  and  refraction  versus  bandwidth 

If  strong  scattering  and  refraction  are  the  dominant 
wavefront  distortion  mechanisms,  scattered  waveforms  and 
refracted  subbeams  can  overlap.  In  this  case  temporal  inter¬ 
ference  can  result  from  the  long  pulse.  These  overlapped 
,  waveforms  and  subbeams  all  contribute  to  the  wavefront  dis¬ 
tortion  observed  at  the  receiving  aperture.  However,  it  is  pos¬ 
sible  that  the  multiple  arrivals  are  sufficiently  separated  in 
time  so  that  they  can  be  resolved  by  the  short  pulse  typically 
used  in  echo  scanning.  For  example,  assume  that  one  propa¬ 
gation  path  contains  /  cm  glandular  tissue  and  D-l  cm  fat 
while  the  second  is  fat  alone.  The  differential  travel  time  is 
^T=[DICf-{D-l)ICf-llCg],  where  Cf  and  are  sound 
speeds  of  fat  and  glandular  tissue.  Taking  C/=1.44  mm//us 
and  Cg=1.55  mm/^,  At=0.049/.  When  />20  mm,  the  dif¬ 
ferential  time  Ar  exceeds  1  /js  and  the  wavefront  received 
within  the  first  l-/rs  window  would  be  free  of  interference. 
Wavefi-ont  in  subsequent  windows,  however,  could  be  dis¬ 
torted.  To  test  this  hypothesis  of  potential  temporal  interfer¬ 
ence,  we  incorporated  wideband  measurements  into  our  in 
vivo  experiment. 

3.  A  typical  example  of  wideband  measurements 

Figure  8  shows  the  amplitude  profiles  of  wideband  mea¬ 
surements  obtained  through  oil  and  through  breast  ID#66R. 
The  transmitted  pulse  is  1  ps.  The  successive  parts  of  (a)  and 
(b)  are  “snapshote”  of  the  amplitude  profiles  measured  in 
successive  l-/is  intervals.  The  transmitted  pulse  contains 
three  full  cycles  of  rf  at  center  frequency  plus  a  few  cycles  of 
ringing  due  to  the  transducer.  The  received  pulse  should  also 
last  approximately  1  ps.  The  l-,is  sampling  intervals  in  the 
receiver  were  preset  and,  therefore,  the  received  pulse  may 
fall  into  two  1-^  windows.  Further,  the  transmitted  pulses 
travel  different  distances  to  the  receiver  elements  and  the 
time-delay  differences  between  on-axis  and  far  off-axis  ele¬ 
ments  are  in  the  neighborhood  of  3  ps.  Thus  the  received 
signals  will  exist  at  the  receiving  array  in  three  successive 

1-ps  windows,  which  is  what  we  observe  in  transmission 
through  oil  [Fig.  8(a)]. 

The  received  amplitude  profiles  propagated  through 
breast  ID#66R  are  shown  in  Fig.  8(b).  This  figure  indicates 
temporal  spread  of  multipath  by  the  order  of  1  ps.  Signals 
primarily  exist  within  the  3-ps  period  (range  gates  84.2, 
85.2,  and  86.2  /«)  as  expected,  but  also  extend  into  the  fol¬ 
lowing  1-/IS  period  (87.2  ps).  Later  profiles  have  insignifi¬ 
cant  energies.  In  addition,  the  amplitude  profile  in  the 
84.2-/1S  range  gate  is  significantly  less  jagged  than  the  later 
profiles.  This  also  indicates  a  temporal  spread  of  waveforms 
and  subbeams. 


4.  Wavefront  amplitude  distribution 

To  more  accurately  assess  the  extent  of  multipath  devel¬ 
opment  with  time,  we  separately  measured  wavefront  ampli¬ 
tude  distributions  from  different  range  gates.  The  wavefront 
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model  introduced  in  Sec.  II  cannot  be  used  directly  because 
of  the  different  responses  of  oil  and  tissue  at  different  range 
gates.  Instead,  the  unaberrated  amplitude  profile  Ag(x)  is 
estimated  by  smoothing  the  jagged  profile  with  a  moving 
window.  a(n)  is  then  calculated  as  for  the  narrow-band  case 
The  length  of  the  window  is  seven  elements.  The  selected 
amplitude  profiles  were  those  that  had  significant  energy.  The 
dashed  curves  in  Fig.  8(b)  are  the  smoothed  profiles. 

Figure  9  shows  histograms  of  a(n)  obtained  from  four 
premenopausal-fatty  and  postmenopausal  women  (eight 
breasts)  at  3  MHz  using  the  wideband  waveform.  Figure  9(a) 
is  obtained  from  the  first  range  gate  that  received  significant 
energy.  Figure  9(b),  (c),  and  (d),  are  obtained  from  the  next 
three  range  gates.  The  sample  means  are  1.02,  1.03,  1.02, 
and  0.99,  respectively.  The  standard  deviations  are  0.38, 
0.39,  0.44,  and  0.48.  The  dashed  curves  are  Rayleigh  distri¬ 
butions  with  means  chosen  as  the  sample  means.  The  histo¬ 
grams  progressively  change  from  (a)  to  (d)  toward  Rayleigh, 
which  indicates  that  long  multipath  delays  do  contribute  to 
progressive  amplitude  distortion  in  time. 

Because  different  procedures  were  used  in  calculating 
a(n)  for  the  narrow-band  and  wideband  cases,  one  possible 
explanation  for  the  difference  in  the  histograms  of  Fig.  9  and 
Fig.  6  may  be  procedural.  As  a  test,  we  used  the  wideband 
procedure  also  on  the  narrow-band  measurements.  Figure  10 
shows  histograms  of  a(n)  obtained  from  the  same  subjects 
as  Fig.  9  at  3  MHz  using  the  narrow-band  waveform.  Figure 
10(a)  is  obtained  by  the  moving  window  procedure  and  Fig. 
10(b)  by  using  the  wavefront  model  introduced  in  Sec.  II.  In 
both  cases,  the  experimental  distributions  approximately  fol¬ 
low  the  Rayleigh  distribution.  Small  differences  between  the 
tails  and  the  heads  of  Fig.  10(a)  and  (b)  do  exist,  but  they  are 
much  too  small  to  account  for  the  large  difference  between 
Fig.  9(a)  and  (b)  and  Fig.  10(b).  Hence  the  latter  difference  is 
not  due  to  the  different  amplitude  processing  procedures. 

In  conclusion,  experimental  histograms  of  narrow-band 
measujemehts  reported  in  this  paper  did  not  differ  signifi¬ 
cantly  from  the  results  of  wideband  measurements.  The  im¬ 
plications  for  pulse  echo  are  reserved  for  Sec.  IV. 


D.  Wavefront  amplitude  distribution  versus  frequency 

The  wavefront  amplitude  distribution  obtained  at  3  MHz 
is  Rayleigh,  which  indicates  that  the  speckle  pattern  is  fully 
developed  at  this  frequency  and,  therefore,  should  not 
change  at  higher  frequencies.  Figure  11  shows  the  histogram 
obtained  at  4  MHz  from  four  women  (eight  breasts).  As  ex¬ 
pected  the  experimental  distribution  remains  close  to  Ray¬ 
leigh  (dashed).  The  mean  amplitude  value  is  0.89  and  the 
standard  deviation  is  0.52.  The  mean  value  of  the  Rayleigh  is 
chosen  as  the  sample  mean. 

The  incident  wave  is  likely  to  be  stronger  at  lower  fre¬ 
quencies  and,  therefore,  the  amplitude  distribution  may  have 
Rician  characteristics.  However,  lower  frequencies  are  un¬ 
likely  to  be  used  for  breast  imaging.  These  measurements, 
therefore,  imply  that  wavefront  deaberration  algorithms 
should  be  designed  for  use  with  Rayleigh  wavefront- 
amplitude  distortion. 
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FIG.  8.  Received  amplitude  profiles  through  oil  and  breast  ID#66R.  The  receiving  aperture  is  9.6  cm.  The  transmitted  pulse  length  is  1  /xs.  The  receiving 
windows  are  activated  for  1  /l£S  at  the  range  gate  indicated,  (a)  Oil.  Relatively  smooth  amplitude  profiles,  (b)  Breast.  The  amplitude  profiles  are  severely 
distorted. 


IV.  DISCUSSION 

A.  Implications  for  pulse  echo  scanning 

1.  Transmission  versus  echo 

While  the  experimental  data  were  obtained  from  a  trans¬ 
mission  experiment,  they  are  also  pertinent  for  echo  scanning 
in  the  breast.  This  is  because  the  source  was  1.5  mm  or  3X.  at 
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3  MHz.  Its  beam,  therefore,  emulated  the  narrow  insonified 
region  of  an  f/3  narrowbeam  echo  scanner,  which  is  typical 
of  ultrasound  mammography  probes. 

2.  Muitipath 

Long  multipath  delays  of  more  than  2  ps  are  evident  in 
the  wideband  measurements  (Fig.  9).  This  implies  that  echo 
wavefronts  returned  from  successive  ranges  will  be  distorted 
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Sample  Standard  S^pic 

mean  deviation  size 


1.02  0.38  3934 


1.03  0.39  4291 


1.02  0.44  4638 


0.99  0.47  2972 


Amplitude 


(d) 


FIG.  9.  Histograms  of  wavefront  amplitude  obtained  from  four 
premenopausal-fatty  and  postmenopausal  women  (eight  breasts)  at  3  MHz 
from  four  successive  l-/is  receiving  windows  using  the  wideband  (1  MHz) 
waveform.  The  dashed  curve  is  Rayleigh  distribution  with  mean  value  cho¬ 
sen  as  the  sample  mean.  The  standard  deviations  are  therefore  0.53,  0.54, 
0.53,  and  0.52.  Sample  means,  standard  deviations,  and  sample  sizes  are 
listed  above. 


by  delays  from  previous  ranges.  The  wideband  histogram 
evidence  offered  in  this  paper  shows  that  the  pdfs  are  close 
to  Rayleigh,  i.e.,  the  distribution  is  the  same  as  for  the  fully 
developed  scatter  field.  Thus  in  pulse  echo  imaging  the 
wavefront  distortion  will  have  common  statistics  at  all 
ranges  except  for  the  first  few  ranges.  Therefore,  the  deaber¬ 
ration  conclusion  regarding  wavefront-amplitude  distribution 
(last  paragraph  in  Sec.  Ill  C)  obtained  from  the  transmission 
experiments  is  relevant  for  echo  ultrasound. 


Sample  Standaid  Sample 
mean  deviation  size 


(a) 


0.89  0.56  4659 


(b) 


FIG.  10.  Histograms  of  wavefront  amplitude  at  3  MHz  using  narrow-band 
waveform  obtained  from  the  four  women  as  in  Fig.  9.  Dashed  curves  arc 
Rayleigh  with  mean  values  chosen  as  the  sample  means,  (a)  Using  smooth¬ 
ing  technique,  (b)  Using  wavefront  model  introduced  in  Sec.  II. 

Some  unknown  amount  of  distortion  can  be  attributed  to 
the  coherent  sum  of  six  subelement  samples.  With  finer  sam¬ 
pling,  we  would  anticipate  more  accurate  measurements.  A 
measure  of  the  increase  in  the  mean  square  amplitude  distor¬ 
tion  caused  by  subelement  summation  is  found  by  consider¬ 
ing  a  wavpfront  1  +  a  expO^Jcw^),  which  is  formed  from  the 
sum  of  two  plane  waves  (implying  array  focus  at  the  source 
distance)  of  relative  amplitude  a  whose  arrival  directions  are 
spaced  by  u^=sin  6q^  where  k  =  2Trlk  and  0^  is  the  angular 
separation  of  the  two  plane  waves.  The  modulus  is 
+  +  cos{kxu~).  The  mean  square  measurement  error 

(MSE)  can  be  found  by 

(i)  dlalculating  the  average  amplitude  measured  at  the 


B.  Effect  of  element  size  on  1-D  amplitude 
measurement 

Each  transducer  element  consists  of  six  equally  spaced 
subelements  which  are  electrically  connected.  The  width 
(azimuth)  of  each  subelement  is  0.183  mm  and  the  center  to 
center  spacing  is  0.249  mm,  which  is  about  k/2  at  the  3  MHz 
operating  frequency.  Its  height  (elevation)  is  10  mm.  As  a 
result,  each  measured  wavefront  sample  at  the  receiving  ar¬ 
ray  is  the  complex  sum  of  six  wavefront  samples  in  the  array 
axis  (azimuth)  and  the  integral  of  the  field  over  10  mm  in 
elevation.  The  elevation  integration  is  typical  of  1-D  arrays 
and  therefore  does  not  affect  our  conclusions  for  1-D  scan¬ 
ning  systems.  The  converse  is  true  for  2-D  arrays.  The  azi¬ 
muth  analysis  follows. 

7  J.  Acoust  Soc.  Am.,  Vol.  96,  No.  1,  July  1994 


Sunplc  Sundanl  Sai^k 
n^ean  deviation  size 


FIG.  11.  Histogram  of  wavefront  amplitude  at  4  MHz  usi^  na^-band 
waveform  obtained  from  the  four  women  as  in  Fig.  9.  The 
Rayleigh.  The  mean  value  is  chosen  as  the  sample  mean  and  standard  de¬ 
viation  is  0.47. 
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TABLE  IL  Effect  of  noise  on  amplitude  measurement. 


Narrowband  3  MHz 

Wideband  3  MHz 

NB  4  MHz 

Histograms 

Fig.  6(a) 

Fig.  6(b) 

Fig.  6(c) 

Fig.  9(a) 

Fig.  9(b) 

Fig.  9(c) 

Fig.  9(d) 

Fig.  11 

Average 

SNR  (dB) 

21.4 

25.8 

24.8 

20.4 

20.4 

18.2 

12.3 

19.0 

Amplitude 

standard 

deviation 

0.54 

0.57 

0.51 

0.38 

0.39 

0.44 

0,47 

0.52 

Noise 

standard 

deviation 

0.075 

0.032 

0.035 

0.070 

0.062 

0.092 

0.175 

0.036 

Noise-free 

standard 

deviation 

0.53 

0.569 

0.509 

0.373 

0,385 

0.430 

0.436 

0.519 

nth  element  after  taking  the  coherent  sum  of  the  field 
samples  at  each  element 

m  =  5 

2  {l+n  exp[;A:(6n  +  m)tfUo]}| 


1 


m  =  0 


where  m  is  the  subelement  position  index  and  d  is  the  inter¬ 
subelement  spacing  which  is  X/2  at  3  MHz. 

(ii)  Calculating  the  field  at  each  of  the  6n  +  m  subele¬ 
ments 

e,=  \/l  +  a^+2a  cos[A:(6n+m)<fu<,]  , 


where  n  =  1,2,...,64  and  m  — 0,1,—j5. 

^  n=64  m  =  6 

(iii)  MSE=27:77  2  2 


64X6 


n-1  m~0 


(3) 


The  measurement  error  grows  with  and  a.  Typical 
large  values  are  0.1  and  0.6  rad,  respectively,  for  which 
MSE,  normalized  to  the  square  of  the  mean  amplitude,  is 
0.038.  (The  values  of  ^  estimated  from  arrival 

angles  observed  in  our  experiment  and  from  peak  to  valley 
ratios  in  the  amplitude  profiles.)  Therefore,  the  measured 
normalized  amplitude  variance  would  differ  by  about  0.038 
if  the  wavefront  were  samples  at  X/2  spacing.  This  is  about 
8%  of  the  measured  standard  deviations.  Therefore,  the  his¬ 
tograms  given  in  this  paper  would  not  change  significantly  if 
the  field  were  samples  at  X/2  spacing. 


C.  Effect  of  noise  on  amplitude  measurement 

Analysis  shows  that  noise  does  not  have  a  significant 
effect  upon  the  histograms.  Let  the  amplitude  profile  in  tissue 
AXx)=A,(x)+N(x)  consist  of  signal  amplitude  plus  the 
system  noise  that  contaminates  the  measurement.  The  sub¬ 
script  t  denotes  tissue,  5  signal.  The  profile  in  oil  is 

unperturbed  by  noise  because  the  SNR  in  oil  is  30  dB.  The 
normalized  profile  in  the  central  region  of  A^x)  is 
a(x)  =  [A5+//(jc)]/A^(x)  =  a5(a:)  +  /i(A:)  and  its  variance  is 
cr^  =  (X^  -f  is  the  measured  value  given  in  the  second 

column  of  each  histogram,  was  estimated  from  the  mea¬ 


surements  at  the  left  and  right  ends  of  the  aperture  where  the 
signal  was  negligibly  small.  Therefore  the  noise-free  vari¬ 
ance  is  estimated  by  or^  =  cr;  ”  cr„* 

Table  II,  row  .2,  lists  the  measured  average  SNRs,  row  3 
the  amplitude  standard  deviations,  row  4  the  estimated  noise 
standard  deviations,  and  row  5  the  estimated  noise-free  stan¬ 
dard  deviations.  From  comparison  of  rows  3  and  5,  it  is 
evident  that  the  histograms  would  not  change  significantly  if 
the  system  were  free  of  noise. 

D.  Implication  for  2-D  array 

Our  measurements  were  made  with  a  1-D  array  having  a 
typical  elevation  dimension  of  10  mm.  As  shown  in  Sec. 
rV  B,  the  results  are  generally  relevant  to  1-D  echo  scanning. 
However,  the  spatial  sampling  in  elevation  (10  mm  is  40 
samples  spaced  by  X/2)  is  too  coarse  to  apply  them  to  2-D,  in 
which  there  is  growing  interest  in  the  research  and  industrial 
communities.  2-D  arrays  generally  sample  more  finely  in  el¬ 
evation  sd  as  to  be  able  to  measure  the  field  more  accurately. 
The  conclusion  is  that  measurements  need  to  be  made  with  a 
2-D  aperture. 

E,  Contact  measurements  versus  liquid  path 
measurements 

To  ensure  good  contact  between  transducers  and  breast 
for  the  purpose  of  reducing  refraction  at  skin  surface,  we 
selected  15  women  with  large  breasts  which  almost  filled  the 
entire  reservoir.  Furthermore,  the  ROI  was  chosen  from  the 
region  close  to  the  chest  wall  where  the  breast  cross  section 
is  the  largest  and  the  contact  is  good.  The  transmitters  used 
were  selected  from  the  middle  elements  of  the  transmitting 
array  to  ensure  close  to  normal  incidence  of  the  ultrasonic 
rays  at  the  skin  surface.  Thus  we  believe  that  refraction  at  the 
skin  surface  is  reduced  to  a  minimum  and  our  measurement 
results  are  close  to  contact  measurements. 

F.  Effect  of  propagation  distance 

The  propagation  distance  in  the  in  vivo  experiment  was 
approximately  12  cm  of  tissue.  Wavefront  amplitude  distor¬ 
tion  would  be  less  severe  at  lesser  propagation  distance.  This 


J.  Acoust.  Soc.  Am.,  Vol.  96,  No.  1,  July  1994 


Q.  2hu  and  B.  D.  Steinberg:  Wavefront  amplitude  distribution 


8 


8 


''  is  because  the  energy  scattered  from  the  coherent  beam  in¬ 
creases  with  depth,  causing  the  wavefront  amplitude  distri¬ 
bution  to  evolve  from  Rician  to  Rayleigh.  It  is  important  that 
this  matter  be  evaluated  experimentally  because  adaptive 
correction  of  phase  aberration  alone  will  suffice  when  the 
amplitude  distortion  is  small.  Only  experimentation  will  pro¬ 
vide  the  needed  information  about  useful  penetration  depth 
with  existing  algorithms. 

V.  SUMMARY 

Wavefront  measurements  show  that  wavefront  ampli¬ 
tude  distributions  are  close  to  Rayleigh  at  3  and  4  MHz 
which  indicates  that  strong  scattering  and/or  refraction  are 
the  dominant  wavefront  distortion  sources  in  the  large  breast. 
The  incident  wave  is  scattered  after  it  propagates  through  12 
cm  of  breast  tissue  and  the  scattered  and/or  refracted  fields 
dominate  the  received  field.  This  phenomenon  is  fully  devel¬ 
oped  at  3  and  4  MHz  and  it  should  not  change  at  higher 
frequencies,  which  are  of  greater  interest  in  ultrasound  mam¬ 
mography.  The  incident  wave  may  reappear  at  lower  fre¬ 
quencies  and  the  wavefront  amplitude  distribution  may  have 
Rician  characteristics.  It  would  be  interesting  to  verify  this  in 
future  experiments.  However,  lower  frequencies  are  not 
likely  to  be  used  in  the  breast  and,  therefore,  this  matter  is 
only  of  academic  interest. 

Wdeband  measurements  show  that  long  multipath  de¬ 
lays  of  more  than  2  /xs  exist  and  that  they  contribute  to  some 
extent  to  wavefront  amplitude  distortion  in  more  distant 
ranges.  The  implication  to  pulse  echo  imaging  is  that  these 
long  multipath  delays  will  produce  image  distortion. 

The  phase  aberration  compensation  algorithms  that  have 
been  developed  for  weak  scattering  are  not  powerful  enough 
when  significant  wavefront  amplitude  distortion  is  present. 
Because  amplitude  distortion  increases  with  depth,  it  is  im¬ 
portant  to  measure  distortion  versus  depth.  For  depths  at 
which  amplitude  distortion  in  strong  scattering  and  refractive 
media  is  too  severe,  alternative  deaberration  methods  have  to 
be  found. 
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Correction  of  Multipath  Interference  Using  CLEAN  and  Spatial  Location  Diversity 


Qing  Zhu,  Radiology  Department  and  Valley  Forge  Research  Center 
Bernard  D.  Steinberg,  Valley  Forge  Research  Center,  Electrical  Engineering  Department 
University  of  Pennsylvania,  PA  19104 

the  same  when  viewed  from  different  apertures, 


1.  INTRODUCTION 

Previous  studies  indicate  that  ultrasonic 
wavefront  distortion  inside  the  female  breast  falls 
into  two  categories,  incoherent  scattering  and 
coherent  multipath.  Scattering  reduces  target 
strength,  broadens  image  lobe  and  lowers  the 
image  contrast  while  refraction  creates  coherent 
multipath  interference  that  produces  false  targets 
in  the  image.  Time-delay  type  compensation 
algorithms  are  useful  to  minimize  scattered 
energy  and  to  improve  image  contrast  to  a  large 
extent  (15  dB)  [1].  Further  improvement  of 
contrast  resolution  requires  compensation 
algorithms  that  can  remove  false  targets. 
Multipath  interference  is  a  much  more  difficult 
problem  than  scattering.  Because  it  is  not  a 
stationary,  stochastic  process,  two  distinct  steps 
are  required  to  deaberrate  refraction- 
contaminated  image.  It  is  first  necessary  to 
recognize  which  target  is  the  true  target  and 
which  is  the  false  one  caused  by  interference.  In 
Section  2  we  demonstrate  that  when  a  cluster  of 


such  as  the  left  and  right  halves  of  the  aperture, 
while  the  locations,  sizes  and  shapes  of  the 
image  artifacts  are  likely  to  change  because  the 
fields  intercepted  by  different  subapertures 
encounter  refractive  bodies  with  different 
orientations,  curvatures  and  sizes.  The 
incoherent  spectrum  is  statistically  the  same  in 
each  subaperture  image.  Therefore,  the  locations 
and  shapes  of  the  large  lobes  in  different 
subaperture  images  can  be  used  to  distinguish  the 
image  lobe  from  image  artifacts.  We  found 
experimentally  that  2-D  large  subarray  diversity 
images  are  in  general  useful  for  identification 
while  1-D  subarray  images  fail  to  provide 
identification  most  of  the  time  because  of 


true  and  false  targets  is  imaged  from  several 
different  array  locations  the  true  target  remains 
in  position  and  changes  very  little  in  size  and 
shape.  The  images  of  false  targets,  on  the  other 
hand,  are  highly  sensitive  to  the  direction  from 
which  they  are  viewed.  Therefore,  they  change 
sufficiently  in  location,  size  and  shape  to  classify 
them  as  false.  In  this  way  the  recognition 
problem  is  solved.  The  second  key  problem  is 
the  elimination  of  the  multipath  arrivals.  In 
Section  3,  we  show  that  coherent  clean  technique 
can  be  used  as  a  tool  to  solve  the  second 
problem. 


Fig.l  Illustration  of  diversity.  Prefers  primary 
field  and  I  interference  field.  The  interference 
fields  change  with  propagation  path. 

B.  2-D  Experiments 

To  develop  an  understanding  of 
deaberration,  our  studies  have  concentrated  on 
one-way  propagation  measurements  and 
corrections  of  point  source  fields.  The  2-D 
measurement  system  and  procedure  were 
described  in  [2].  Briefly,  a  breast  specimen  was 
placed  between  hemispherical  source  and 
receiving  array.  The  2-D  array  consisted  of  a  92- 
mm  1-D  linear  array  translated  46  mm  perpen- 


2.  RECOGNITION  OF  TRUE  TARGETS 
A.  Diversity  Principle 

We  have  found  that  geometric 
techniques  may  be  able  to  separate  nonisotropic 
from  isotropic  scattered  energy.  Fig.l  illustrates 
the  case  where  a  single  source  and  1-D  reception 
are  used  for  descriptive  convenience.  The  same 
principle  is  applicable  to  a  multiple  source 
distribution  and  2-D  configuration.  A  source 
radiates  into  a  scattering  and  refractive  medium 
and  its  radiation  field  is  received  by  a  receiving 
aperture.  The  source  image  obtained  from  any 
aperture  is  the  superposition  of  the  image  lobe, 
image  artifacts  caused  by  coherent  interference 
and  an  incoherent  scatter  spectrum.  The  location 
and  shape  of  the  image  lobe  generally  remains 


dicular  to  its  axis  to  form  a  synthetic  2-D  array 
92  mm  x  46  mm.  Element  pitch  in  the  receiving 
transducer  was  0.72  mm  and  a  reflecting  mask 
reduced  the  receiving  elevation  to  1.44  mm. 
Frequency  was  3.7  MHz.  Bandwidth  was  2 
MHz.  Waveforms  were  measured  at  each 
element,  from  which  2-D  wavefronts  were  re¬ 
constructed  as  functions  of  time.  3-D  image  data 
were  calculated  by  (1)  Fourier  decomposition  of 
the  temporal  waveforms  at  each  (x,y)  position  in 
the  aperture,  (2)  calculation  of  a  complex  CW  2- 
D  image  at  each  Fourier  frequency  in  the  focal 
plane  by  using  the  angular  spectrum  technique, 
and  (3)  summation  of  the  2-D  images  to  form  the 
3-D  transient  image. 

C.  In  Vitro  Example 
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Fig.  2  shows  an  example  of  single- 
frequency  diversity  images.  Part  (a)  is  the  -20 
dB  contour  plot  of  2-D  water  path  image.  It  is 
the  system  diffraction  pattern  at  that  contour 
level.  Part  (b)  is  the  -20  dB  contour  plot  of  the 
2-D  image  of  a  4  cm  tissue  path  (brs006) 
obtained  from  the  entire  aperture  (92  mm  by  46 
mm),  and  (c)  is  the  -20  dB  contour  of  the  same 
image  after  applying  time-delay  correction.  The 
improvement  is  significant  because  of  partial 
removal  of  scattered  energy.  Large  multipath 
lobes  remain  and  decrease  image  contrast,  (d)- 
(g)  are  obtained  from  four  subapertures  after 
applying  time-delay  correction.  The  real  target 
remains  in  the  same  location.  False  targets  move 
and  change  size  and  shapes  when  viewed  from 
the  different  subapertures.  For  example,  the  lobe 
with  -13  strength  located  at  (4.3  mm,  2.9  mm)  in 
(c)  does  not  appear  in  (d),  therefore  it  is  a  false 
target  and  should  be  removed.  _ ^ 


(a)  Water  at  -20  dB  (b)  tissue  at  -20  dB  w/o 
correction 


(c)  with  time-delay  92  mm 

correction  at  -20  dB 


(f)  upper  with  correction  (g)  low  with  correction  at 
at  -20  dB  -20  dB 


Fig.2  Quadruple  spatial  diversity  discloses  false 
targets.  Images  are  obtained  at  central  frequency. 
Contour  maps  are  at  -20  dB  level.  Real  target  remains 


in  place  in  subarray  images  while  multipath  target 
changes  location,  size  and  shape,  (a)  Contour  map  of 
water  path  image,  (b)  Contour  map  of  full-aperture 
tissue  image  (brs006)  at  -20  dB.  (c)  Contour  map  of 
the  full-aperture  image  brs006  at  -20  dB  after  time- 
delay  correction,  (d)  Image  from  left  half  of  array. 
46x46  mm.  (e)  From  right  half,  (f)  From  upper  half 
(23x92mm).  (g)  From  low  half.  Point  source  remains 
in  center  in  all  images.  Shape  change  is  due  to  the 
change  of  aperture  size. 

3.  COHERENT  CLEAN 
A.  CLEAN 

CLEAN  is  a  nonlinear  deconvolution 
procedure  originated  in  radio  astronomy  in  the 
1960s  [3],  extended  to  radar  by  Tsao  and 
Steinberg  [4]  and  applied  to  ultrasound  by  Cohen 
(1992)  [5].  The  simplest  CLEAN  procedure  is 
described  as  following.  The  diffraction  pattern 
f(u)  is  shown  upper  left  in  Fig.3.  The  procedure 
begins  with  the  original  dirty  image  Ao(u) 
(Fig.3a).  The  strongest  source  is  found  and  its 
complex  amplitude  ao  and  coordinates  uq  are 
measured.  An  image  of  that  source  is  found  by 
convolving  the  radiation  pattern  with  a  5- 
function  of  strength  ao  located  at  uq.  Some 
fraction  of  this  image  is  subtracted  from  Ao(u). 
The  result  of  this  first  iteration  is  a  new  image, 
Ai(u),  from  which  all  energy  from  the  strongest 
source  has  been  removed,  including  its  sidelobe 
energy  (Fig.3b).  The  process  continues  until  the 
subtraction  procedure  produces  images  with 
negative  values  or  increases  energy  in  the 
residual  image.  The  result  at  this  stage  is  a  list  of 
detected  sources.  The  next  step  is  to  calculate  a 
CLEAN  beam  that  has  the  resolving  power  of 
f(u)  but  without  its  sidelobe  distortion.  The  final 
image  is  the  convolution  of  the  CLEAN  beam 
and  each  of  the  detected  sources  (Fig.3c). 

However,  the  CLEAN  procedure  cannot 
be  directly  applied  to  an  image  that  is 
contaminated  by  image  artifacts,  because 
CLEAN  will  pick  up  true  targets  as  well  as  false 
targets.  A  clever  use  of  CLEAN  is  the 
following. 

Step  1  (descattering):  Apply  time-delay 
type  descattering  algorithms  upon  each  diversity 
image  and  original  image  to  reduce  the  scattering 
induced  distortion  upon  images.  This 
descattering  procedure  strengthens  targets  (see 
Fig.  2(b)  and  (c))  and  improves  the  performance 
of  CLEAN  by  providing  better  target  subtraction 
and  consequently  exposing  more  weak  targets. 

Step  2  (coherent  CLEAN):  Clean  each 
diversity  image  and  the  full  aperture  image  using 
the  approximate  system  diffraction  patterns  of 
the  corresponding  subarray  and  the  full  array. 
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The  result  is  a  set  of  lists  of  targets  (real  and 
false).  Each  list  is  a  CLEANed  result  of  each 
diversity  image. 

Step  3  (location  diversity):  Select 
targets  which  appear  on  all  lists  by  using  location 
or  neighborhood  matching  procedures.  These 
targets  are  considered  as  true  targets. 

Step  4  (image  reconstruction): 
Reconstruct  a  full  aperture  image  from  the  true 
targets. 


image"  of  three  point  targets  is  the  envelope  of  the 
coherent  sum  of  the  three  images,  (b)  After  the  first 
iteration  of  the  clean  procedure.  The  strongest  target 
is  subtracted  out  as  well  as  its  sidelobes.  Final  result 
of  cancellation  process  is  a  list  of  targets  (strengths 

and  locations)  Ai  <5  (u-ui).  (c)  Final  reconstructed 

image  =  21 

i 

The  above  CLEAN  procedure  was  done 
at  each  frequency  except  for  Stepl  which  was 
done  in  time  domain  before  the  Fourier 
decomposition.  The  3-D  transient  image  was 
obtained  by  summation  of  the  2-D  CLEANed 
images  at  all  discrete  frequencies  obtained  from 
Step  4. 


Also,  CLEAN  is  modified  to  change  the 
diffraction  pattern  f(u)  to  produce  better 
subtraction  result  at  each  iteration.  We  call  this 
modified  CLEAN  procedure  MCLEAN  in  the 
following  text.  MCLEAN  differs  from  CLEAN 
in  step  3. 

B.  Experimental  Results 

Fig.4  is  the  CLEANed  image  of  Fig.2(c) 
at  -30  dB  contour  after  step  2.  CLEAN  has 
picked  up  30  false  targets  in  addition  to  the  true 
target.  After  location  diversity,  all  false  targets 


are  identified.  Table  I  gives  the  identification 
result  of  this  example.  Each  triple  represents  the 
X  and  y  locations  of  the  target  in  mm  in  full- 
aperture  image  identified  by  CLEAN,  and 
corresponding  matching  result  in  bold  letter.  For 
example,  the  first  triple  indicates  that  the  target 
located  at  (0.0  0.0)  appeared  in  four 
subappertures  and  therefore  can  be  identified  as 
true  target.  The  2-D  neighborhood  distance  used 


for  matching  is  calculated  as  R 


^  2 

+  (— )  , 


where  aperture  dimensions  and  Li  are  46.08 
mm  and  92.16  mm,  R  is  the  focussing  distance 

and  A  is  the  wavelength  of  each  discrete 
frequency.  No  misclassification  occurs  in  this 
frequency.  The  peak  of  the  noise  floor  after 
CLEAN  is  23.4  dB  lower  than  the  peak  value 
before  CLEAN.  Since  the  original  peak  artifact 
to  peak  target  ratio  is  -13.0  dB,  the  dynamic 
range  has  been  improved  by  10.4  dB  using 
MCLEAN.  MCLEAN  has  been  repeated  on  all 
39  discrete  frequencies.  Two  misclassifications 
occur  in  two  CW  images.  In  one  case,  a  false 
target  was  identified  as  true  and  in  another  true 
was  identified  as  false.  However,  these  cases 
happen  in  CW  images  obtained  from  the  low 
and^r  high  frequency  ends  where  the  signal  to 
noise  ratio  is  low.  Fig. 5(a)  is  the  MCLEANed 
wideband  sample  image,  after  peak  detection  of 
the  3-D  transient  image,  at  -30  dB  level.  Fig.5(b) 
is  the  wideband  water  path  image  at  -30  dB  for 
comparison.  The  false  target  which  appeared  at 
one  frequency  does  not  contribute  much  to  the 
final  wideband  image  because  of  its  low  strength. 
The  true  target,  which  was  identified  as  false, 
was  removed  at  step  4  before  the  summation  to 
form  the  3-D  wideband  image.  The  result  is  the 
0.01  dB  reduction  of  the  true  target  strength 
compared  with  its  strength  before  MCLEAN. 
The  peak  of  the  wideband  noise  floor  after 
MCLEAN  is  -25.1  dB  lower  than  the  peak  value 
of  the  true  target  before  MCLEAN.  Since  the 
peak  artifact  to  peak  target  ratio  in  wideband 
image  before  MCLEAN  is  -14.5  dB,  the  dynamic 
range  has  been  improved  by  10.6  dB  by 
MCLEAN. 


The  average  location  of  the  true  target 
in  all  frequencies  in  this  example  is  (0.0  mm,  0.0 
mm)  with  (0.73  mm,  0.82  mm)  or  d  =  1.1  mm 
perturbation,  which  is  well  within  the  weighted 
neighborhood  distance 
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X;  0  A;  2 
(—)  +(—)  ) 

Li  L2 

IXi 

over  all 


frequencies.  This  implies  that  spatial  diversity  is 
an  effective  method  for  identification  of  true 


Fig.4.  Reconstructed  image  of  Fig.2(c)  at  -30  dB  level 


MCLEANed  image  of  brs006  after  peak  detection,  (b) 
-30  dB  contour  of  3-D  transient  water  path  image  after 
peak  detection. 


Table  I.  Locations  of  the  targets  and  results  of 
spatial  matching 


(0.0,  0.0,  4), 
(-2.2, -1.4,  2), 
(-4.3, -1.4,0), 
(7.9,  0.0,  2), 
(-6.5, 0.0, 1), 
(1.4,  2.9,  0), 
(11.5,4.3,  0), 
(9.4,  8.6,  0), 
(0.0, -7.2,  0), 
(10.8,2.9,  0), 
(-2.2, -4.3,  0). 


(4.3, 2.9,  3), 
(2.2, 0.0,  2), 
(8.6, 4.3,  1), 
(-8.6,  -4.3, 0), 
(-0.7, 2.9,  0), 
(-5.8, 1.4,  0), 
(-2.2, 1.4,  1), 
(10.1,10.1,0), 
(0.0, 7.2,  0), 

(-9.4, -8.6,  0), 


(-4.3, -2.9,  3), 
(-5.0, -4.3,  0), 
(5.0, -1.4,  0), 
(3.6, 1.4,  1), 

( 4.3, 7.2,  0), 

( 7.2,  5.8,  0), 

(-7.2, -1.4,  0), 
(-13.7, -1.4,  0), 
(5.8, -2.9,  1), 
(0.0, -4.3,  0), 


The  bold  number  in  each  triple  is  the  matching  result. 


The  statistics  of  the  performance  of 
MCLEAN  upon  7  samples  with  well-defined 
multipath  artifacts  are  given  in  Table  11.  The 
data  are  self  explanatory. 


4.  DISCUSSION/CONCLUSION 

2-D  spatial  diversity  images  are  useful 
for  identification  of  true  target  vs.  refractive 
artifacts.  Cohere  CLEAN  in  conjunction  with 
diversity  is  a  useful  tool  to  reconstruct  artifact- 
free  high  resolution  images.  The  preliminary 
results  with  7  in  vitro  samples  show  7.3  dB 


dynamic  range  improvement  with  negligible 
target  strength  change. 

The  diffraction  pattern  used  in  this 
report  was  only  modified  by  varying  the  focusing 
speed  to  match  the  distorted  mainlobe  as  well  as 
refractive  lobes  to  obtain  better  subtraction  in 
step  2.  The  dynamic  range  can  be  further 
improved  if  the  diffraction  pattern  is  modified  by 
perturbing  higher  order  focusing  terms  to 
improve  the  subtraction.  This  is  a  subject  of  for 
future  study. 

Table  H.  Statistics  of  MCLEAN  of  7  breast 
samples _ 

Target  strength  reduction  (dB)  0.06  (std.  0.06) 
Dynamic  range  improvement  (dB)  7.3  (std.  1.92) 
Location  stability  of  true  target  (mm)  1.7  mm  (std.2.9) 
Misclassification: 

True  as  false  4.0%  (std. 3. 9%) 

False  as  true _ 1 1.0%  (std.  12.7%) 
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ABSTRACT 


The  decrease  in  image  target  contrast  due  to  scattering  of  ultrasound  energy  by  an 
inhomogeneous  body  is  calculated  and  tested.  The  analysis  is  in  terms  of  measurable 
parameters  of  the  medium  (thickness,  phase  or  time-delay  variance  and  correlation  length)  and 
parameters  of  the  scanning  equipment  (frequency  and  array  size).  The  propagation  medium  is 
modeled  as  a  sequence  of  thin,  random  phase  screens  and  the  number  of  screens  is  related  to  the 
sample  thickness  and  to  the  size  of  the  scattering  bodies. 

It  is  found  that  (1)  scattering  produces  a  halo,  centered  on  each  target,  with  diameter  (2- 
6°  at  3  MHz)  proportional  to  wavelength,  (2)  target  contrast  within  the  halo,  defined  as  target  to 
clutter  power  ratio  (TCR),  increases  linearly  with  2-D  array  area,  is  inversely  proportional  to 
tissue  sample  thickness  and  time  delay  variance  per  unit  distance  in  the  tissue  and  decreases 
quadratically  with  correlation  distance  and  frequency  and  (3)  multiple  scattering  plays  no 
significant  role. 

Several  elements  of  the  theory  are  tested  against  experimental  data.  Although  the 
amount  of  relevant  data  is  small  the  theory  checks  well  against  what  does  exist. 

PACS  numbers:  43.80.Cs,  43.80.Ev,  43.80. Vj 

GLOSSARY  OF  TERMS 

L  array  size 

f,  0)  =  27tf  wavelength,  frequency,  angular  frequency 

^/L  lateral  resolution 

2 

C5^(|)  phase  variance  per  screen 
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time  delay  variance  per  screen 

XO 

e'l  correlation  distance  of  tissue 

Aus  =  A/;cxo 

half-power  width  of  the  scatter  spectrum: 

a  ~  TiXQ 

typical  scatterer  size 

TCR 

target  to  clutter  power  ratio  within  halo 

TDR 

target  dynamic  range  within  halo 

D 

propagation  path  length  or  tissue  thickness 

N»D/a 

number  of  screens 

2  2 

measured  phase,  time  delay  variance  in  tissue 

Dm 

2  2 

tissue  thickness  in  which  C(|)m  or  Gjm  are  mea 

INTRODUCTION 

Wavefronts  distort  when  ultrasound  propagates  through  an  inhomogeneous  medium, 
lowering  target  contrast  in  the  image  and  introducing  image  artifacts* •9.  Isotropic  scattering 
reduces  the  contrast.  The  artifacts  are  discrete  multipath  arrivals  that  look  like  targets^.  The 
motivation  for  most  studies  of  this  topic  is  aberration  correction  for  large  aperture,  2-D  high 
resolution  imaging.  This  paper  deals  with  isotropic  scattering  only.  Discrete  multipath  will  be 
dealt  vrith  later.  The  paper  presents  a  theory  of  the  effect  of  scattering  upon  important  image 
quality  parameters  such  as  target  to  clutter  power  ratio  (TCR)  and  lateral  resolution.  Several 
elements  of  the  theory  are  tested  against  experimental  data. 

The  main  findings  are: 


o  When  target  strength  is  stronger  than  background  scattering,  the  principal  scattering 
mechanism  is  primary  (i.e.,  simple,  single  or  nonmultiple)  scattering. 

o  Scattering  produces  a  halo  in  the  image  centered  on  each  scatter  source  or  target.  It's  width 
is  the  order  of  2-6  deg  at  3  MHz  and  is  proportional  to  wavelength. 


o  TCR  within  the  halo  is  linear  with  2-D  array  area,  inversely  proportional  to  time  delay 
variance  per  unit  distance  and  propagation  path  length  and  decreases  as  the  square  of  the 

r  L2 

frequency  and  correlation  distance.  The  formula  is  TCR  «  - ^ - 

Dco2(7cxom)^(0'T:rTi/Dm) 

o  Target  dynamic  range  is  about  an  order  of  magnitude  smaller  than  TCR. 

§  1  models  the  inhomogeneous  medium  as  a  cascade  of  thin,  random  phase  screens  and 
the  incident  radiation  from  the  target  as  a  plane  wave.  In  §2  the  scattered  power  Pscat  per  screen 
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is  calculated  as  a  function  of  the  phase  variance  per  screen,  and  also  the  ratio  of  Pjcat  to  the 
power  Ppw  of  the  emergent  plane  wave.  We  also  calculate  the  angular  width  of  the  scatter  field. 
From  these  we  determine  the  TCR  in  the  target  image  and  how  the  lateral  and  contrast 
resolution  or  target  dynamic  range  are  affected  by  the  scatter.  The  target  is  the  source  of  the 
plane  wave  and  the  clutter  is  the  scatter  or  background  energy.  In  §3  we  calculate  the  effective 
number  of  screens  making  up  a  large  body  and  show  how  to  combine  the  multiple  scattering 
effects  between  the  many  screens.  We  then  calculate  the  quantities  above  for  the  entire 
propagation  medium.  §4  discusses  related  topics.  Summary  and  Observations  is  §5. 

1.  THE  MODEL 

When  a  point  target  or  source  is  imaged  through  a  weakly  scattering  medium  (small 
scattering  coefficient)  the  scattered  energy  creates  a  background  field  that  clusters  about  the 
target  image  and  decreases  its  contrast  with  the  background  and  therefore  its  visibility.  It  is  the 
same  phenomenon  that  produces  the  halo  around  stars  and  the  ring  around  the  moon  that  one 
often  sees  on  humid  nights.  The  ultrasound  halo  is  found  to  be  about  2-6  deg  wide  at  3  MHz 
centered  about  the  target.  Its  effect  is  minimal  with  small  transducers  whose  beams  are 
comparable  to  or  larger  than  the  halo.  But  with  narrow  beamwidth,  high  resolution  arrays  the 
scattered  energy  can  materially  reduce  target  contrast.  The  calculations  use  only  measurable  or 
known  quantities.  The  scattered  energy  is  variously  called  scatter  or  clutter.  The  diminution  in 
TCR  in  the  image  is  calculated  as  well  as  the  angular  width  of  the  scatter  field  and  the  effects 
upon  lateral  and  contrast  resolution  (or  target  dynamic  range)  of  the  imaging  system.  The 
procedure  divides  the  medium  into  thin  slices,  calculates  the  relevant  statistical  properties  per 
slice  and  then  recombines  the  slices. 

A  unit  amplitude  plane  wave  from  an  impulsive  source  propagates  from  the  left  in  the 
positive  z  direction  through  a  random  inhomogeneous  medium,  defined  by  a  uniform,  isotropic 
distribution  of  scatterers,  located  in  the  x,z  plane  (Figure  la)t .  Each  slice  is  treated  as  a  thin, 
random  phase  screen  with  independent  scattering  occurring  in  each  screen.  Each  screen  is 
infinite  in  length  (x  axis).  Its  thickness  (z  axis)  is  the  order  of  the  scale  of  the  compressibility 
and  density  variations  of  the  medium,  denoted  a  in  the  paper.  Each  screen  is  defined  by  a  zero- 
mean,  Gaussian  random  phase  shift  process  (t)(x,z)  with  phase  variance  (|)(x,z)  is  the  phase 

delay  at  frequency  f  within  the  signal  spectrum  through  a  thin  vertical  slice  perpendicular  to  the 
direction  of  propagation.  The  propagation  delay  t(x,z)  is  related  to  the  phase  delay  by  (|)(x,z)  = 
cor(x,z),  0)  =  27tf.  The  variation  in  t(x,z)  may  be  attributed  to  the  local  medium  peturbations,  as 
modeled  in  the  phase  screen  detail  of  Figure  lb.  The  scale  of  the  perturbations  is  denoted  a. 


^  Although  the  analysis  is  based  upon  a  plane  wave  source,  the  results  are  also  applicable  in  the  focal  plane  of  a 
focused  system  close  to  the  focal  point.  See  §4.1. 
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The  time  delay  variance  per  slice  cf  =  a|/co2.  The  correlation  function  of  the  phase  R(x)  = 
a|  p(x)  is  modeled  as  an  exponential  with  correlation  distance  Xq.  Xq  is  related  to  scatterer  size 
a  by  a  =  tcxq  (§2.5). 

Tissue  parameters  and  Xq  are  obtained  from  measured  data.  Xq  is  the  value  of  x  for 
which  p  =  e  1.  Measurements  of  variations  of  arrival  time  across  wavefronts  disclose 
Measurements  are  usually  made  through  tissue  thickness  D  >  a,  =>  number  of  slices  N  >  1.  The 
phase  variance  through  N  slices  is  find  the  relation  to  the  single-slice  variance  is  = 
No|  because  of  the  assumed  independence  of  the  phase  from  screen  to  screen  (§3.5).  The 
measmed  value  of  Xq  is  not  a  first-order  function  of  N. 

2.  SCATTERING  FROM  A  RANDOM  PHASE  SCREEN 

The  far-field  radiation  f(u)  from  a  single,  infinite  screen  (Figure  lb)  contains  an 
emergent  plane  wave  fpw(u)  plus  the  scattered  field  fscat(u).  The  plane  wave  is  reduced  in 
amplitude  to  account  for  the  energy  in  the  scattered  wave  as  it  passes  through  the  screen.  f(u) 
is  the  Fourier  transform  of  <})(x),  in  units  of  the  reduced  angular  variable  u=sine: 

f(u)  =  Jei<l>Wejkxu  dx 

=  fpw(u)  +  fscat(u)  (1) 

k  =  IniX  is  the  wavenumber  and  <t)(x)  is  the  random  phase  shift  previously  described.  f(u)  is 
decomposed  into  the  sum  of  a  plane  wave  fpw(u)  =  A6(u)  emerging  from  the  screen  and  a 
scattered  wave  fscat(u)*  The  amplitude  of  the  plane  wave  is  A. 

2.1  The  emergent  plane  wave 

To  calculate  fpw(u),  f(u)  is  expanded  in  a  power  series  and  its  expectation  E[o]  taken. 

f(u)  =  1(1  +  j(l)  -  <1)2/2  -  j(t)3/3!+  <1)4/4! ...)  eJkxu  dx  (2) 

The  first  term  is  the  incident  plane  wave.  The  remainder  are  the  scattered  terms.  Their  mean 
values  (expectations,  spatial  dc)  add  (subtract)  coherently  to  (from)  the  incident  plane  wave  and 
the  total  establishes  the  amplitude  A  of  the  emergent  plane  wave.  Thus 

fpw(u)  =  Ef(u)  =  1(1  +  E[j<l)  -  <1)2/2  -  j<l)3/3!+  <1)4/4!  •••])  eJT““ dx  =  lAeJ^xu  dx  (3) 

A  =  1  +  E[j<l)  -  <1)2/2  -  j<})3/3!+  <1)4/4!  •••] 

=  1  +  E[Zn=l  j"<l)"/n!] 

=  1  -  a2/2!  +3c^/4!  -  5o3a6/6!  +  7o5o3a^/8!....  (4) 
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because  the  assumed  pdf  is  Gaussian  (all  odd  moments  are  zero). 

The  power  in  the  emergent  plane  wave  is  proportional  to  A^.  Ignoring  the 
proportionality  factor,  Pp^  =  is  plotted  in  Figure  2  (small  circles)  for  a  range  of  values  of 


2.2  Energy  in  the  scattered  field 


No  loss  to  absorption  is  yet  included  in  the  modeltt.  (When  loss  is  included  (§3.6),  the 
conclusions  are  found  to  be  unaltered.)  Consequently  the  energy  in  the  scattered  field  Pjcat  =  1- 
A2,  which  is  plotted  (as  stars)  in  Figure  2,  is  the  difference  between  the  incident  (unit)  power 


Ppw-  Lastly,  the  ratio  Pscat/Ppw»  is  plotted  as  plus  signs.  The  fields  have  equal  energies  at 
Ojj,  =  0.7  and  the  ratio  rises  to  1.7  at  cr^=  1.  Large  values  of  severely  degrade  the  quality  of 

ultrasound  images.  From  the  theory  of  radiation  pattern  distortion  caused  by  random  phase 
errors#'  “  must  fall  in  the  neighborhood  of  1(>2  or  less  for  reasonably  acceptable  beam 


quality.  Thus  practical  interest  lies  to  the  extreme  left  of  Figure  2,  which  implies  a  veiy  weak 
scattering  process  in  which  most  of  the  energy  passes  through  each  screen  unscattered. 


2.3  Angular  width  of  the  scattered  field 

The  scattered  field  is  the  difference  between  (2)  and  (3): 

fscat(u)  =  J  j((l)  -  E<I))  -  ((|)2  -  E(1)2)/2  -  j((t)3  -  E(l)3)/3!+  (<j)4  .  E<t)4)/4!  •••)]  eJkxu  dx 
=  . .  [^=1  j"(<l)"  -  E(t)n)  /n!]  eJkxu  ^ 

=  J  [1  -  A  +  2:n=l  j"<t)"/n!]  eil«u  dx  (5) 

fscat(u)  is  a  function  of  the  random  process  ())(x)  and  therefore  is  also  a  random  process.  Its 
power  Pscat  =  1-A2.  Its  angular  width  is  found  from  its  angular  power  density  spectrum  S(u). 
S(u)  is  proportional  to  the  expectation  of  the  square  magnitude  of  the  scattered  field,  E|fscat(u)|2, 
which  in  turn  can  be  obtained  from  the  Fourier  transform  F{o}  of  the  correlation  function 
calculated  from  the  measured  radiation  field,  i.e.,  S(u)  =  F{ R(x) } . 

Wavefront  correlation  experiments  performed  in  in  vivo  breastl2  have  measured  the 
normalized  correlation  function  p(x)  =  R(x)/R(0).  From  these  data  the  correlation  function  is 
found  to  approximate  a  decaying  exponential  (Figure  3).  Hence  we  model 


Absorption  is  added  later  in  §3.6,  where  it  is  found  that  its  inclusion  does  not  materially  alter  the  conclusions 
of  §2.2. 

#  Average  sidelobe  powerlevel  relative  to  main  lobe  =  ASL  =  a|/Ne  where  Ng  is  the  no.  of  array  elements^  1 . 
Specifying  -40  dB  for  the  required  ASL  and  assuming  the  order  of  100  array  elements,  a|«10'2.  This  formula 
has  been  checked  repeatedly  in  adaptive  beamforming  experiments  in  radar  beginning  in  the  early  1980s^^. 


p(x)  =  exp(-x/xo) 


(6) 


and  call  xq  the  e'l  correlation  distance*^.  xo=  1.8,  3.3  and  3.3  mm  for  average  correlation 
curves  of  three  groups  of  asymptomatic  women:  premenopausal  dense  breasts,  premenopausal 
fatty  and  postmenopausal.  The  number  of  correlation  functions  averaged  were  35,  52  and  76. 
Other  reported  measurements  are  in  the  same  neighborhood^.!®.  The  Figure  3  curves  and  the 
body  of  data  from  which  they  come  12  were  obtained  over  long,  12-cm  paths,  which  corresponds 
to  many  correlation  distances  or  several  phase  screens  (§3.1).  Hence  it  is  possible  that  the 
correlation  evidence  leading  to  (6)  is  not  representative  of  a  single  screen.  This  is  checked  in 
§3.5  where  it  is  shown  that  the  angular  spectral  width  estimated  from  these  data  and  (6)  is 
representative  of  a  single  screen.  The  result  indicates  that  single  scattering  dominates,  which 
means  that  the  total  scattering  spectrum  observed  out  of  each  of  the  phase  screens  approximates 
a  first-order  spectrum.  This  further  implies  that  correlation  measurements  made  from  any 
thickness  of  tissue  disclose  xq. 

Based  on  (6)  the  unnormalized  correlation  function  and  the  angular  power  spectrum  are 

R(x) »  a|exp(-x/xo)  (7) 


S(u)» 


1  +  (kuxo)2 


(8) 


and  the  half-power  width  of  the  scatter  power  spectrum  is 

Au  «  2/kxo  *  X/7txo  (9) 

which,  for  a  frequency  of  3  MHz  (A,  =  0.5  mm)  and  for  the  values  of  xq  given  above  for  the 
mean  correlation  functions  of  premenopausal-dense  and  premenopausal-fatty/postmenopausal 
breasts,  is  0.089  and  0.048  rad  or  2.7  and  5.1  deg.  Allowing  about  one  standard  deviation 
additional  spreads  about  the  means  the  predicted  halo  width  Au  increases  to  2-6  deg  at  3  MHz 
and  is  inversely  proportional  to  frequency. 

2.4  Estimate  from  breast  samples 

An  independent  prediction  of  halo  width  can  be  made  from  the  size  of  subcutaneous  fat 
globules  in  breast  tissue.  Fat  globules  have  random  sizes,  orientations  and  radii  of  curvature. 


As  distinct  from  the  FWHM  measure  of  correlation  distance.  The  relation  between  the  two  for  the 
exponential  correlation  model  (6)  is  xfwiim  =  1.38xo. 
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The  scale  is  predominantly  in  the  5  to  15  mm  range.  Each  globule  is  a  likely  candidate  for 

scattering  of  ultrasound  waves,  as  seen  in  a  radiologist’s  schematic  of  a  breast  section  (Figure 
4)13. 

Referring  back  to  Figure  lb,  the  distance  between  scatterers  or  density  hills  shown  there 
is  nominally  a.  Scattered  energy  from  subcutaneous  fat  should  lie  largely  in  the  Fourier  angular 
interval  Aup  =  Vfl,  5<  a  <15  mm,  which  at  3  MHz  is  0.033-0.1  rad  or  1.9  to  5,7  deg.  The  fact 
that  this  interval  is  substantially  identical  to  the  calculated  halo  width  of  2-6  deg  from 
correlation  data  (§2.3)  suggests  that  subcutaneous  fat  is  one  of  the  contributors  to  the  scattered 
field. 

2.5  Exponential  coefficient  vs.  frequency 

Time  delay  variations  should  be  independent  of  frequency  because  they  result  directly 
from  local  tissue  density  variations.  Frequency  dependence  manifests  itself  in  the  phase 
variance  where  =  co^ax^.  Consequently,  the  phase  variance  should  grow  as  the  square  of  the 
frequency.  Theory  also  predicts  that  xq  and  the  scatterer  size  a  are  related  by  a  =  tcxq  by 
equating  the  two  calculations  of  scatter  spectrum  width,  Au  «  X/nxQ  (9)  and  Aup  =  X/a  (§2.4). 
But  a  is  independent  of  frequency.  Therefore  the  correlation  function  should  be  independent  of 
frequency,  which  agrees  with  the  3  and  4  MHz  comparison  shown  in  Figure  3. 

2.6  Point  source  image 

When  the  composite  field  f(u)  =  fpw(u)  +  fscat(u)  is  imaged,  whether  by  spherical  lens  or 
transducer  (Figure  5),  the  image  (in  one  dimension)  in  the  focal  plane  contains  the  point  source 
and  the  apparent  source  distribution  of  the  scattered  field,  each  convolved  with  the  diffraction 
pattern  of  the  lens  or  transducer.  The  target  is  reduced  in  amplitude  to  A  and  it  images  as  the 
diffraction  pattern  of  the  transducer,  with  half-power  width  XfL,.  The  angular  clutter  spectrum  is 
depicted  in  the  figure  as  a  continuum,  which  is  not  a  realistic  portrayal  because  it  is  a  Fourier 
transform  of  the  random  phase-perturbation  process  (l)(x);  hence  it  too  is  a  random  process  with 
peaks  and  valleys.  No  instantaneous  sample  function  is  so  smooth.  For  simplicity  the  clutter 
amplitude  spectmm  is  drawn  as  a  smooth  function,  which  may  be  interpreted  as  the  sq.  rt.  of  the 
angular  clutter  power  spectrum  S(u).  The  half-power  width  is  A/tcxq.  The  clutter  power  is  1-A2 
After  convolution  with  the  transducer  diffraction  pattern  the  half-power  width  of  the  clutter 
spectrum  equals  the  rms  sum  of  TJkxq  and  X/L: 

Aus  =  [X/7txo)2  +  (X/L)2]l/2  =  X/tcxq©  TJL  (10) 

Figure  6  pictures  other  images.  Part  a  is  the  image  without  the  phase  screen.  The  unit- 
amplitude  plane-wave  image  is  spread  to  the  diffraction  pattern.  It  consists  of  a  main  lobe  of 
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width  X/L  plus  sidelobes.  L  is  the  size  of  the  aperture.  The  image  with  the  screen  is  part  b]  it  is 
the  same  as  the  image  in  Figure  5.  Its  width  is  *  X/jcxq  for  high  resolution  imaging,  for  then 
It  is  also  possible  for  the  opposite  condition  to  hold,  i.e.,  tdcq  >  L,  which  occurs  when 
the  nominal  scatterer  size  exceeds  the  aperture  size  of  the  imaging  system.  In  this  case  the 
scatterer  is  a  "large"  surface  (relative  to  the  transducer)  such  as  a  wedge  which  refracts  the 
incident  wave  and  bends  the  beam.  The  image  is  then  displaced  from  its  original  orientation  (in 
the  u-axis)  by  the  refraction  angle  Uf.  Part  c  depicts  the  case  of  wedge  refraction  plus  weak 
scattering.  A  realistic  "wedge"  would  have  rounded  rather  than  planar  facets  which  would 
change  the  focal  length  of  the  beam  and  therefore  defocus  the  image  (d).  For  the  pure  scattering 
problem  addressed  in  this  paper  we  ignore  refraction  and  select  Aus  =  X/tcxq. 

2.7  Resolution 

It  is  evident  that  lateral  resolution  is  unaffected  by  the  scatter  field;  it  remains  the  width 
X/L  of  the  mainlobe  of  the  diffraction  pattern  of  the  aperture  unless  the  scattered  energy 
obscures  the  main  image  lobe^^.  When  this  happens  lateral  resolution  and  contrast  vanish. 
This  phenomenon  is  a  direct  consequence  of  increasing  the  path  length  (§3.4  and  eq.(13)) . 

2.8  Target  to  clutter  power  ratio 

Figure  6  is  an  angular  amplitude  spectrum.  While  the  scatter  spectrum  is  pictured  as  a 
smooth  continuum,  any  sample  spectrum  is  itself  a  random  function  with  peaks  and  valleys 
because  the  spectrum  is  the  Fourier  transform  of  the  random  phase-screen  process.  The  target 
can  be  discerned  so  long  as  it  well  exceeds  the  peaks  of  the  scatter  spectrum.  The  measure  of 
target  detectability  is  the  target  contrast  or  target  to  clutter  power  ratio  TCR,  which  can  be 
estimated  for  a  square  2-D  array  of  size  L  as  follows. 

The  target  and  the  clutter  fields  spread  in  two  dimensions  as  they  propagate  (Figure  7a). 
Approximate  the  angular  power  spectrum  by  the  sum  of  two  right  circular  cylinders  (part  b), 
pictured  in  cross  section  as  rectangles  in  part  c.  The  first  cylinder  is  the  target  spectrum.  Its 
power  A2  spreads  over  a  circle  of  diameter  X/L.  Its  height,  therefore,  is  (AL/?i)2(4/7t).  The 
second  spectrum  is  the  clutter  region  or  halo  S(u)  induced  by  the  target.  Its  area  is  1-A2  and  its 
width  is  XyTtXQ.  Its  height  is  (l-A2)(7cxo/X,)2(4/7t).  Hence  the  target  to  clutter  power  ratio  within 
the  halo  is 

TCR  = - ^ -  (11) 

(1-A2)(7Cxo)2  o2  (71X0)2  Co2o2(;txo)2  ^  ^ 

where  the  approximation  =>  A  *  I  and  1-A2  « Eq.(ll)  shows  that  TCR  for  a  single,  thin 
screen  is  quadratic  with  2-D  transducer  size  (linear  with  area)  and  inversely  proportional  to  the 
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time-delay  variance  of  the  screen  and  the  SQuare  of  the  frequency  and  the  correlation  distance. 
The  frequency  dependence  of  TCR  enters  only  through  because  the  density  and 

compressibility  variations  in  the  tissue  induce  time  delay  variations  that  are  independent  of 
frequency  (§2.5). 

2.9  Target  dynamic  range 

From  TCR  (11)  we  can  determine  the  smallest  target  that  can  be  detected  in  the 
interference  background  and  hence  the  target  dynamic  range  (TDR),  which  is  the  ratio  of  the 
largest  to  the  smallest  detectable  target.  Eq.  (11)  is  the  ratio  of  the  target  intensity  to  the 
average  intensity  of  the  clutter  field  within  the  halo.  Because  the  field  develops  as  a 
bandlimited,  noise-like  random  process,  upward  deviations  of  10  dB  from  the  mean  are  not 
unlikely  (order  of  1%  occurrence  frequency)  15.  Hence  other  targets  within  the  halo  that  are  10 
dB  greater  than  the  mean  clutter  intensity  will  not  be  discernible  amidst  the  high  peaks  in  the 
clutter  spectrum.  At  least  a  few  more  dB  are  required  for  unambiguous  single-look  target 
detection,  although  with  multiple  looks  10  dB  is  sufficient.  Thus  suitable  contrast  between  the 
target  image  and  the  clutter  background  within  the  halo  requires  a  minimum  TCR  of  about  10 
dB.  In  other  words,  TDR  within  the  halo  is  about  an  order  of  magnitude  smaller  than  TCR. 

3.  MULTIPLE  ADJACENT  SCREENS 

The  input  to  the  first  screen  is  the  unit  amplitude  plane  wave  shown  in  Figure  1.  The 
emergent  plane  wave  plus  the  scattered  field  (5)  is  the  input  to  the  second  screen,  the  output  of 
which  is  the  input  to  the  third  screen,  etc.,  as  shown  in  Figure  8.  The  emergent  radiation  is 
pictured  there  as  angular  (Fourier)  spectra  with  the  u-axis  parallel  to  each  screen. 

3.1  Screen  thickness  and  number  of  screens 

The  number  of  screens  N  is  the  propagation  depth  D  of  a  target  divided  by  the  screen 
thickness.  The  infinitely-thin  screen  model  calls  for  as  small  a  thickness  as  other  considerations 
allow.  Because  of  the  assumed  independence  of  the  phase  distribution  from  screen  to  screen, 
screen  thickness  can  be  no  smaller  than  scatterer  size  a.  This  is  also  reasonable  on  physical 
grounds,  for  otherwise  the  scale  of  the  scattering  structure  would  be  altered  by  choice  of  screen 
dimension.  For  these  reasons  the  nominal  scatterer  size  is  taken  as  the  lower  bound  on  screen 
thickness.  Thus,  for  a  propagation  depth  D  of  6  cm  and  a  nominal  scatter  size  a  =  1  cm,  the 
number  of  screens  N  =  6. 

3.2  Output  angular  spectrum 
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The  clutter  build-up  is  illustrated  in  Figure  8.  Its  angular  spectrum  is  derived  as  the 
output  of  a  cascade  of  N  linear  filters,  each  with  angular  impulse  response  hn(u),  n  =  1,2...N. 
The  first  screen  has  impulse  response  hi(u)  =  Ai6(u)  +  si(u),  which  is  the  total  spectrum  out  of 
the  first  screen.  Ai5(u)  is  a  Dirac  S-function  of  amplitude  Ai  (power  A?)  located  at  the  origin 
in  the  angular  spectrum.  si(u)  is  a  continuous  scatter  spectrum  of  power  l-Ai^*  ,  the  phase 

variance  of  the  screen.  The  total  power  is  unity,  as  it  must  be,  because  no  losses  have  yet  been 
assumed.  The  width  of  si(u)  is  Au  *  A/tcxq  (9). 

Screen  2  has  impulse  response  h2(u)  =  A25(u)  +  S2(u).  Its  angular  spectrum  is 
hi(u)*h2(u),  where  *  denotes  convolution.  It  consists  of  three  parts;  a  plane  wave  of  amplitude 
A1A2,  the  sum  of  two  primary  scatter  spectra,  A2Si(u)  +  AiS2(u),  and  a  secondary  scatter  field 
si(u)  *  S2(u).  The  first  primary  scatter  spectrum  arises  from  the  si(u)  passing  unchanged  in 
shape  through  the  screen  but  reduced  in  amplitude  by  A2^  the  plane-wave  voltage  gain  of  screen 
2;  the  second  is  the  scattering  AiS2(u)  of  the  plane  wave  incident  upon  screen  2.  The  power  in 
the  primary  scatter  spectrum  is  A2H^-Ai^)  +  Ai'^il-A2^).  The  power  in  the  second  order 
scatter  spectrum  is  (1-Ai2)(l-A22).  The  total  power  in  the  emergent  field  is  again  unity 
(Ai2A22  +  A22[1-Ai2]  +  Ai2[l-A22]  +  [l-Ai2][l.A22]  =  1). 

The  angular  spectrum  from  screen  3  it  is  hi(u)*h2(u)*h3(u).  It  consists  of  a  plane  wave 
AiA2A35(u),  a  primary  scatter  field  A3[A2Si(u)  +  AiS2(u)]  +  AiA2S3(u),  a  secondary  field 
[A2Si(u)  +  AiS2(u)]  *  S3(u)  +  A3[si(u)  *  S2(u)]  and  a  tertiary  scatter  field  si(u)  *  S2(u)  *  S3(u). 
The  primary  scatter  power  is  A32A22(1-Ai2)  +  A32Ai2(1-A22)  +  Ai2A22(1-A32).  The 
secondary  scatter  power  is  A22(l-Ai2)(l-A32)  +  Ai2(l-A22)(l-A32)  +  A32(l-A22)(l-Ai2)  and 
the  tertiary  scatter  power  is  (1-Ai2)(l-A22)(l-A32). 

After  N  screens  the  angular  spectrum  is  the  N-fold  convolution  hi(u)*h2(u)*-— *hN(u). 

It  contains  a  5-function  representing  the  emergent  plane  wave.  Its  amplitude  is  AiA2--An 
which  we  will  call  A^,  where  A  is  the  geometric  mean  of  the  Aj.  This  is  the  target.  All  other 
components  of  the  output  spectrum  add  to  create  the  signal-induced  clutter  spectrum. 

The  power  spectrum  of  the  output  primary  clutter  field  in  Figure  8  is  the  sum  of  the 
primary  power  spectra  and  similarly  for  the  higher  order  scattered  fields.  Fonunately  this 
complicated  picture  can  be  simplified  considerably. 

3.3  Output  power  spectra 

Schema  of  cross  sections  of  the  target  spectrum  and  the  first  three  scatter  spectra  are 
illustrated  in  Figure  9.  The  output  target  power  Pj  =  [I^^j  Ai  ]2  =  a2N.  The  target  power  is 

spread  in  both  dimensions  over  the  diffraction  pattern  of  the  transducer.  The  bulk  of  the  power 
is  in  the  main  lobe.  Its  beamwidth  is  X/L  and  its  angular  cross  section  is  (7t/4)(?i/L)2-  Within  the 
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beam  the  power  density  is 


4A2N 

7t(X/L)2’ 


Its  spectrum  is  shown  schematically  in  the  upper  part  of 


Figure  9. 

The  Si(u)  are  independent  spectra  because  they  are  derived  from  independent  sample 
functions  of  the  random  phase-delay  process  defining  the  inhomogeneous  medium.  They  are 
continuous,  noise-like  terms  with  zero  means  and  their  powers  add.  The  same  is  true  for 
convolutional  terms  such  as  Si(u)  ♦  Sj(u),  Si(u)  *  Sj(u)  *  Sk(u),  etc.  What  is  pertinent  for  each 
such  term  is  its  width  and  its  power  and  to  a  much  lesser  extent  its  shape.  All  si(u)  have  the 
same  nominal  width,  power  and  shape.  Therefore  we  identify  all  Si(u)  with  a  generic  first  order 
random  scatter  spectrum  s(u),  all  Si(u)  *  Sj(u)  with  a  generic  second  order  scatter  spectrum  s(u)  * 
s(u),  and  so  forth.  The  half-power  width  of  s(u)  is  X/tcxq.  Variances  add  under  convolution. 
Therefore  the  width  of  s(u)  *  s(u)  is  ^2'k/nxQ.  The  widths  of  higher  order  convolutions  are 
VSX/tcxq,  ■\/4Xy7txo,  etc.  Areas  multiply  under  convolution.  The  power  in  s(u)  is  l-A^,  in  s(u)  * 
s(u)  it  is  (1-A2)2,  etc.  One  s(u)  term  arises  from  the  first  screen,  two  s(u)  terms  weighted  by  A 
from  the  second,  three  A^sfu)  terms  from  the  third,  and  so  forth.  Finally,  N  s(u)  terms  emerge 
from  the  final  screen  with  a  weight  of  A^-l.  The  power  in  each  term  is  (1-A2)A2(N-1).  Because 
the  N  s(u)  terms  are  independent,  their  powers  add.  Therefore  the  power  in  the  first  order 
scatter  spectrum  Pci  =  N(1-A2)A2(N-1). 

Similarly  the  power  in  the  second  order  spectrum  Pc2  =  PC2«  Pci 

because  A  must  be  close  to  unity  to  achieve  adequate  TCR  for  useful  imaging.  For  the  third 
order  Pc3  =  ^^j(l-A2)3A2(N-3)«  Pq2,  and  so  on. 


The  power  density  is  estimated  in  the  same  way  as  was  done  for  the  target.  The  power 
in  the  first  order  scatter  field  Pci  is  spread  over  the  scattering  angle  of  s(u),  which  is  X/kxq, 
within  which  the  power  density  is  Pci/(^7i:xo)2(7t/4),  and  similarly  for  the  higher  order  scatter 
fields.  The  power  in  each  successive  scatter  order  decreases  by  the  factor  (l-A^).  Because  A 
is  close  to  unity,  this  ensures  that  the  first  order  scatter  field  dominates. 

3.4  Target  to  clutter  power  ratio 

Combining  the  terms  above,  the  target  to  clutter  power  ratio  for  N  screens  is 


TCR  = 


(12) 
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Eq.l2  can  be  simplified  considerably.  Figure  10  plots  TCR  vs.  =  l-A^  within  the  "clutter" 
region  for  L  =  25  mm,  tcxq  =  10  mm  and  N  =  6,  the  number  used  in  the  earlier  example.  The 
minimum  useful  TCR  must  be  larger  than  10  dB  because  the  target  dynamic  range  is  about  10 
dB  smaller  than  TCR  (§2.9).  Thus  the  maximum  phase  variance  per  screen  is  about  0.01  sq  rad 
for  unambiguous  detection.  Thus,  only  very  small  phase  variance  per  screen  can  be  tolerated 
for  otherwise  the  target  rapidly  gets  lost  in  the  background  as  grows.  Therefore  we  can 
assume  oj  »  10-2  and  A2  «  1  -  a^2  Na  »  D  and  a  «  tcxq.  Also  <5^  =  Therefore 

(12)  becomes 


<«40)'  <-.#)- 


{7tx„)  Nol  TDc^Dco^al 


(13) 


Not  surprisingly  (13)  has  the  same  form  as  (11),  the  single  screen  TCR,  because  of  the 
dominance  of  the  primary  scatter  field.  In  essence  both  are  weak  scattering  solutions. 

Eq.l3  predicts  that  TCR  is  inversely  proportional  to  propagation  distance.  9in  vitro 
TCR  measurements  were  made  at  the  Univ.  of  Rochester  laboratory  of  Prof.  Robert  Waag  from 
five  samples  of  different  thicknesses  of  excised,  frozen  and  defrosted  breast  tissue  used  in 
Ref.  10.  For  each  measurement,  a  tissue  sample  was  fixed  in  a  holder  within  a  water  tank. 
Propagation  was  one-way  from  a  pulsed  3.75  MHz  hemispherical  (virtual  point-)  source, 
through  the  water  and  tissue  path,  to  a  1-D  linear  array  in  which  waveforms  were  recorded  at 
each  element.  The  array  was  mounted  in  a  computer-controlled  2-D  positioner  and  moved 
along  the  orthogonal  axis  so  as  to  form  a  92x46  sq  mm,  2-D  synthetic  array.  Waveforms 
measured  at  each  element  position  of  the  synthetic  2-D  array  were  imaged.  Figure  1 1  shows  a 
1-D  maximum-projection  cut  through  such  an  image.  TCR  measurements  were  made  from  such 
cuts.  The  central  lobe  is  the  image  of  the  source.  Clustered  around  it  are  discrete  multipath 
arrivals  from  the  source.  They  image  as  false  targets.  The  broad  clutter  background  is  the 
isotropic  scatter  field.  TCR  is  the  squared  reciprocal  of  the  estimated  clutter  level  at  the  origin. 
The  9  TCR  data  points  are  shown  on  the  log-log  plot  of  Figure  12a.  Each  point  is  the  average 
of  measurements  made  from  a  minimum  of  6  cuts.  The  straight  line  drawn  in  the  figure  has  the 
predicted  slope  of  -1.  With  the  exception  of  one  point  -  the  outlier  at  30  mm  depth  -  the  data 
approximate  the  predicted  behavior. 

3.5  Relations  between  single  and  multiple  screen  parameters 
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Correlation  distance:  A  significant  amount  of  multiple  scattering  is  precluded  because 
has  to  be  small  (~  10-2  sq  rad)  for  successful  imaging.  This  dominance  of  the  primary 

scatter  field  means  that  the  spectral  width  does  not  increase  with  propagation  path  length. 
Consequently,  xqis  a  function  of  scatterer  size  only  and  not  the  thickness  of  the  propagation 
medium  in  which  it  is  measured.  Experimental  data  support  this  conclusion.  Measured  halo 
widths  from  different  thicknesses  of  a  single  in  vitro  breast  sample  used  in  Ref.  10  are  plotted  in 
Figure  12b.  The  angular  width  is  constant  over  a  thickness  range  from  15  to  40  mm.  Thus 
correlation  measurements  made  in  a  given  type  of  tissue  at  one  depth  are  pertinent  for  any  other 
depth. 

Phase  variance:  in  (13)  is  the  phase  variance  of  a  single  screen.  A  measurement  in 

tissue,  however,  is  never  across  a  single  screen  and  therefore  the  relation  of  measured  phase 
variance  data  to  must  be  determined.  We  can  view  the  sequence  of  screens  in  the  multi¬ 
screen  model  as  a  cascade  of  linear  filters  each  with  phase  delay  <t)i(x)  or  time  delay  Xi(x).  The 
phase  (and  time)  delays  add  across  a  group  of  such  circuits.  Thus  a  phase  measurement  across  N 
screens  yields  <t)i(x)+<{)2(x)+(})3(x)+...  =  (l)i(x)  and  because  of  the  assumed  independence  and 

common  statistics  of  the  (t)i(x)  the  variance  is  Na(|)2,  which  accounts  for  the  factor  of  N  in  (13). 

3.6  Absorption 

To  incorporate  absorption  in  the  model,  an  exponential  loss  exp(-az)  is  appended  such 
that  the  total  field  through  each  screen  of  thickness  a  is  attenuated  by  the  factor  exp(-(xa)  where 
oc  is  assumed  independent  of  positiion.  The  gain  of  the  ith  screen  to  the  plane-wave  component 
of  the  field  changes  from  Ai  to  aI  =  Aiexp(-oui).  Output  target  power  Pp  =  Ai]2  =  a2N 
(§3.3)  changes  to  Ai  ]2 
=  A2N  exp(-2Naa). 

The  clutter  is  modified  similarly.  All  scatter  field  terms  in  §3.2,  calculated  for  a  lossless 
model,  are  attenuated  by  the  factor  exp(-aa).  The  first  order  spectrum  Pci  =  N(1-A2)A2(N-1) 
changes  to  N(l-A2)e-2aflA2(N-l)e-2(N-l)afl  =  N(l-A2)A2(N-l)e-2Naa.  Target  to  clutter  ratio 
remains  unchanged  for  the  primary  scatter  spectrum,  and  similarly  for  the  higher  order  spectra. 

The  same  is  true  for  the  ratio  P scat  /P pw>  absorption  does  not  affect  the  balance  between 
the  scattered  and  plane  wave  components.  Further,  the  argument  holds  at  every  frequency  and 
therefore  frequency  selective  absorption,  which  alters  the  spectrum  of  a  deeply  propagating 
wideband  pulse,  does  not  affect  the  ratio  of  the  scattered  to  the  plane  wave  energy. 

Also  unaffected  by  absorption  are  the  relative  strengths  of  the  components  of  the 
scattered  field  that  arise  from  different  depths.  This  is  because  all  components,  whether  plane 
wave  or  scattered  field,  are  attenuated  identically  by  the  time  they  reach  the  skin.  To  illustrate 
this  phenomenon,  consider  primary  scattering  arising  from  the  nth  screen,  which  means  at  a 
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depth  of  na.  The  plane  wave  component  that  initiates  this  field  is  attenuated  by  absoiption,  as  it 
travels  through  n-1  screens  toward  the  skin  surface,  by  the  factor  A2(n-l)e-2aa(n-l)^  In  ^th 
screen  the  scattered  field  s(u)  is  attenuated  by  the  factor  e-2cw.  As  this  field  propagates  to  the 
skin  surface  it  suffers  additional  attenuation  in  the  remaining  N-n  layers  by  the  factor  A2(N-n)e- 
2(N-n)aa.  The  emergent  scattered  field  is  the  product  { A2(n-l)e-2cw(n-l) }  { s(u)e-2ow)  { A2(N-n)e- 
2(N-n)aa}  =  A2(n-l+N-n)e-2aa(n-l+l+N-n)s(u)  =  A2(N-l)e-2Naas(u),  which  is  independent  of  n.  In 
other  words  all  scattered  fields  arising  from  the  same  target  reach  the  surface  with  the  same 
strength.  Consequently  the  scattered  field  measured  at  the  surface  is  a  composite  of  the 
scattering  all  along  the  path  from  target  to  surface. 

3.7  Parameters  obtained  from  measurements 

Finally,  we  rewrite  (13)  in  terms  of  measurable  parameters.  Assume  that  measurements 
of  correlation  distance  and  time  delay  variance  are  made  across  a  body  of  length  Dm  »  a, 
where  a  is  the  nominal  thickness  of  a  phase  screen.  Call  the  measurements  Xom  and  The 
parameters  needed  for  analysis  are  the  single-screen  values  Xq  and  or  a?.  Both  can  be 
obtained  from  the  measured  data.  As  discussed  above  (§3.5)  Xq  =  Xom  because  of  the 
domnance  of  primary  scattering.  The  single  screen  phase  variance  <5^  is  calculated  from  a(|)2  = 
<7(|)m/Nm.  as  shown  in  §3.5,  and  Nm  is  the  number  of  screens  or  scatterer  sizes  a  in 

Dm-  =  «Ql)m/Dm  is  the  single  screen  phase  variance.  Eq.(13)  can  then  be  rewritten  as  a 
function  of  the  known  parameters  of  the  imaging  system  (o),  L),  the  propagation  depth  during 

imaging  (D),  the  measured  tissue  parameters  (xom,  a4,m  or  a^m)  and  the  propagation  depth 
during  measurement  (Dm): 

Tpp  -  L2  T  2 

~  2 - ^  ®  - 7 -  *  _ ,  (14) 

Na4,(7txo)2  D(7txo)2((J4,VDm)  Dco2(7ixom)2(axm/Dm) 

where  the  last  approximation  uses  a  «7Cxom  and  =  co2axm.  The  right-hand  expression  is 
the  most  generally  useful  form. 

The  numerator  parameter  and  first  two  denominator  parameters  are  design  parameters. 
The  next  two  denominator  parameters  are  measured  properties  of  the  tissue.  The  last  is  the 
length  of  the  tissue  sample  in  which  tissue  parameter  measurements  are  made.  Thus,  time  delay 
varianee  and  correlation  distance  are  the  primary  tissue  measurements  required  for  prediction  of 
TCR  in  a  purely  scattering  medium. 

3.8  Limit  to  resolution 

In  §2.7,  the  lateral  resolution  was  found  to  remain  XfL,  the  width  of  the  diffraction 
pattern,  and  unaffected  by  the  scatter  field  so  long  as  the  scattered  energy  does  not  obscure  the 
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main  image  lobe.  When  detection  vanishes  so  do  lateral  and  contrast  resolution,  as  was 
observed  in  12-cm  path-length  observations  reported  in  Refs.7  and  8. 

4.  OTHER  RELATED  TOPICS 

4.1  Near  field 

The  theoretical  development  of  the  scatter  field  used  a  plane  wave  or  far-field  model 
whereas  ultrasonic  imaging  instruments  are  focused  in  the  near  field.  There  are  two  separate 
matters  here.  First,  the  physics  of  scattering  has  nothing  to  do  with  the  focal  properties  of  the 
measuring  instrument  and  hence  is  unrelated  to  whether  or  not  the  instrument  is  focused. 
Second,  the  scatter  spectrum  from  which  spectral  width  was  calculated  extends  only  a  few 
beamwidths  from  the  focus  and  hence  is  satisfactorily  approximated  by  the  far-field  Fourier 
transform  calculation  of  the  scattered  field  in  (1).  Thus  the  plane  wave  model  is  acceptable. 

4.2  Two-way  propagation 

The  model  deals  with  both  point  source  radiation  propagating  one-way  to  a  receiving  array 
and  to  the  two-way  problem  of  an  isolated  point  target  when  illuminated  by  an  arbitrary 
transmitter.  It  does  not  cover  the  arbitrary  target  distribution  with  arbitrary  insonification.  In 
principle  the  method  can  be  extended  to  any  source/target/transmitter  configuration  and  in  this 
paper  two  practical  and  easily  describable  cases  are  given. 

One  case  is  the  well-focused  transmitter.  Only  the  target  is  illuminated  with  full 
strength.  All  other  targets  receive  sidelobe  illumination.  Therefore  the  scatter  level  from  the 
target  is  higher  than  the  other  scattered  fields  by  the  sidelobe  level  of  the  transmitter.  Those 
fields  are  not  first  order  competitors  to  the  primary  scatter  background  from  the  target  and  in 
general  can  be  ignored. 

In  another  important  case  the  transmitter  focus  is  degraded  by  the  inhomogeneous 
medium  from  X/L  to  X/tixo,  the  width  of  the  primary  clutter  spectrum,  where  L»Xo.  Now  all 
targets  within  a  2-D  circle  of  diameter  X/tcxq  are  illuminated  nearly  equally  and  contribute 
equally  to  the  clutter  background.  For  the  sake  of  argument,  let  there  be  L/tcxq  targets  per 
diameter  (one  per  beamwidth)  of  nominally  the  same  size  (such  as  Rayleigh  scatterers)  so 
insonified.  Then  the  number  of  illuminated  scatterers  in  a  circle  of  diameter  L/tcxq,  which  is 
(7i/4)(L/;cxo)2,  is  the  factor  by  which  the  clutter  power  increases.  The  total  received  clutter 
power  is  spread  in  two  dimensions  over  roughly  twice  the  area  (diameter  is  ^IX/kxq  because  the 
received  spectrum,  being  the  convolution  of  the  scatter-source  spectrum  on  transmit  and  the 
medium-induced  spectmm  on  receive,  is  V2  times  larger  in  diameter).  The  result  is  a  change  in 
TCR  by  the  factor  (8/7i)(7Cxo/L)2. 
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A  more  general  case  is  an  arbitrary  target  distribution  T(u)  illuminated  by  a  field  f(u) 
from  a  transmitter  radiating  through  an  inhomogeneous  medium.  Its  scatter  field  is 
T(u)f(u)*s(u),  the  convolution  of  the  medium  response  to  the  target  reradiation.  Further,  let  the 
target  distribution  be  discrete  and  described  by  T(u)  =  ETkSCu-Uk)  where  the  Tk  are  the 
amplitudes  of  targets  located  at  u=uk.  The  scatter  field  is  s(u)*f(u)ZTk5(u-Uk)  =  s(u)*ETkfk5(u- 
Uk)  =  2Tkfks(u-Uk)  where  fk  =  f(u-uk). 

4.3  Limitations  of  the  model 

Infinite  statistically  homogeneous  phase  screen:  This  model  of  spatially  stationary 
statistics  is  satisfactory  for  weak  scattering  in  a  single,  large  tissue  bed.  It  fails  to  account  for 
interfaces  between  tissue  beds  across  which  a  sound  velocity  change  takes  place.  In  other 
words,  the  model  ignores  all  multiple  angular  arrivals  at  the  transducer  array  from  a  common 
source  which  could  arise  from  refraction  at  an  interface  or  reflection  from  a  strongly  reflecting 
surface.  Such  arrival  wavefronts  will  interfere  in  the  aperture  and  appear  to  the  imaging  system 
as  multiple  sources,  each  with  its  own  scattering  halo. 

The  model  is  expected  to  be  realistic  in  a  large,  reasonably  homogeneous  organ  such  as 
liver  and  for  the  purely  scattering  component  in  breast  from  subcutaneous  and  intramammary 
fat  that  fill  much  of  most  breasts.  High  density  tumors  and  liquid-filled  cysts  will  refract 

wavefronts  and  introduce  image  artifacts.  It  is  hoped  that  these  will  submit  to  modeling  at  a 
later  time. 

Array  size:  The  model  is  appropriate  for  arrays  that  are  not  too  small  to  perceive  the 
spatial  fluctuations  in  (t)(x),  for  then  a  statistical  description  of  the  medium  is  inappropriate,  nor 
so  large  as  to  violate  spatial  stationarity  (fluctuation  statistics  no  longer  constant  across  the 
array).  The  smaller  limit  likely  occurs  when  L  «  a.  In  the  other  extreme  the  array  not  only 
sees  a  stochastic  field  of  random  spatial-density  fluctuations  but  also  discrete  sub-bodies  (cysts, 
tumors)  with  different  refractive  indices.  In  this  case  the  model  given  in  this  paper  pertains 
only  to  the  purely  scattered  portion  of  the  field,  to  which  it  can  be  applied,  but  not  to  the 
coherent  multipath  from  the  discrete  bodies. 

5.  SUMMARY  AND  OBSERVATIONS 

Inhomogeneous  tissue  removes  energy  from  a  wave  both  by  incoherent  scattering  and 
coherent  refraction  and  reflection.  The  incoherent  scattered  field  is  studied  in  this  paper.  The 
modeling  technique  is  to  slice  the  tissue  body  into  thin,  random  phase  screens,  calculate  the 
properties  per  screen  and  combine  them.  Scattering  is  produced  by  random  speed  fluctuations 
in  tissue,  largely  due  to  density  and  compressibility  perturbations.  The  nominal  distance 
between  density  hills  is  identified  with  scatterer  size  a  ~  tixq,  where  xq  is  the  exponential 
correlation  distance.  Scattering  creates  a  halo  around  the  target  that  diminishes  the  image 
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contrast.  The  halo  width  is  «  X,/fl.  The  loss  in  contrast  is  measured  by  the  target  to  clutter 
power  ratio,  which  diminishes  with  the  correlation  distance,  the  propagation  length  D  in  the 
tissue  and  the  time-delay  variance  per  unit  distance,  and  the  square  of  the  frequency.  Lateral 
resolution  within  the  halo  is  unaffected  by  the  scatter  field;  it  remains  7JL.  L  is  the  array  size. 
However,  detection  of  weak  targets  within  the  halo  of  a  strong  target  requires  that  TCR  »1. 
When  TCR  is  small,  however,  detection  is  not  possible  and  the  preservation  of  the  lateral 
resolution  is  a  meaningless  virtue. 

The  obscuring  effect  of  the  halo  is  not  only  from  its  intensity  but  also  from  the  number 
of  lateral  resolution  cells  in  which  the  clutter  can  hide  targets.  This  number  is  the  ratio  of  the 
halo  cross  section  to  the  beam  cross  section,  which  is  (L/fl)2.  This  ratio  is  independent  of 
wavelength.  Scattering  occurs  at  all  depths  between  target  and  skin  surface.  The  principal 
scattering  mechanism  is  single  or  first-order  scattering  because  the  energy  removed  by  each 
scattering  hill  is  small. 

The  following  summarizes  comparisons  between  predictions  of  the  theory  and 
experimental  data. 

1.  Halo  width:  Based  on  the  size  of  fat  globules  the  theory  predicts  2-6  deg  at  3  MHz  (§2.4). 
Calculations  from  wavefront  correlation  experiments  give  the  same  spectral  width  (§2.3). 

2.  e-l  correlation  distance  vs.  frequency:  The  experiment  shown  in  Figure  3  indicates 
independence,  which  is  what  the  theory  predicts  (§2.5). 

3.  TCR  vs.  propagation  depth:  Theory  predicts  inverse  linear  dependence.  Experiment  shown 
in  Figure  12a  indicates  approximately  the  same  behavior. 

4.  Halo  width  vs.  propagation  depth:  Theory  predicts  independence.  Experiments  show  the 
same  (Figure  12b). 
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Fig^e  1.  (a)  Random,  statistically  homogeneous  medium  modeled  as  sequence  of  adjacent 
random  phase  screens,  (b)  Detail  of  single,  infinite  screen  showing  density  variations 
(contours)  as  cause  of  local  perturbations  of  time  delay  through  screen.  Some  of  the  energy 
ot  the  plane  wave  incident  upon  the  screen  emerges  as  a  plane  wave.  The  remainder  is 
scattered.  Shown  is  the  scattered  wavefront  from  one  scattering  center  in  the  screen. 
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Figure  2.  Emergent  energy  vs  phase  variance  qj  =  (2pfst)2.  Single  phase  screen.  Pp^  = 

A2  =  plane  wave  power,  Pscat  =  1-A2  =  scattered  power,  Pscat/Ppw  =  ratio  of  scattered  to 
plane  wave  powers. 


y  =  0.89170  *  10''(-7.3730e-2x) 


Figure  3.  (a)  Point  source  correlation  functions  of  12-cm  thickness  in  vivo  breasts 
measured  2.5-3  cm  from  chest  wall.  Data  from  Ref  1.  (b)  Average  of  the  three 
curves  of  (a)  and  exponential  fit. 
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Figure  4.  Schematic  of  breast  section.  From  Ref.  13. 
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Figure  5.  Image  contains  diffraction  pattern  of  aperture  (image  of  emergent  plane  wave) 
and  angular  spectrum  of  the  scatter  field. 
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Fi^gure  6.  Image  of  point  source  is  diffraction  pattern  of  imaging  aperture,  (a)  Without 
phase  screen,  (b)  Scatter  spectrum  caused  by  phase  screen.  Image  power  reduced  (c) 
Linear-wedge  refraction  plus  weak  scattering.  Image  displaced  through  angle  Ur.’  (d) 
Wedge  with  rounded  facets  defocuses  image. 


Figure  7.  Angular  target  and  clutter  spectra,  (a)  Contour  plot  of  point  target  (center 
contours)  plus  widely  dispersed  scattered  field  and  discrete  multipath.  The  coordinates  are 
azimuth  and  elevation.  In  vitro  breast  sample  (brs006)  is  4-cm  thick.  3.75  MHz.  92  mm  x 
46  mm  array.  Outer  contour  -15  dB.  Data  from  experiment  reported  in  Ref.  10.  (b) 
Approximate  target  and  clutter  spectra  showing  heights  and  widths. 
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Figure  8.  Build-up  of  the  multiple-screen  angular  output  spectrum. 


Figure  9.  Cross  sections  of  approximate  target  and  clutter  spectra  after  N 
screens.  2-D  array. 


Figure  10.  Ratio  of  point  target  intensity  Figure  1 1.  1-D  cut  at  -25  deg  through  single- 
in  image  to  clutter  background  induced  source  image  of  Figure  7a.  System  noise  level 

by  scattering,  is  the  phase  variance  =  -35  dB.  Cut  is  through  region  with  minimum 
per  screen.  6  screens,  25  mm  array  size,  multiple  arrivals.  Central  lobe  is  target  image. 

10  mm  scatterer  size.  Plot  of  (13).  Adjacent  lobes  are  multipath,  probably  refraction 

induced.  Low,  broad  background  is  isotropic 
scattering.  TCR  and  halo  width  are  estimated 
from  the  scatter  background. 
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